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This PhD dissertation describes the synthesis and structural studies of Co(II), Zn(II) 
and Pb(II) metal coordination polymers and hydrogen-bonded complexes of trans-
1,2-bis(4-pyridyl)ethene (bpe). The current study is focused on (i) synthesizing 
coordination polymers with various topologies and (ii) aligning the olefinic C=C 
bonds (parallel and < 4.2Å) for photochemical [2+2] cycloaddition reaction in the 
solid-state. Chapter 1 reviews the current interest in coordination polymers and the 
present challenges in photochemical [2+2] cycloaddition reaction in the solid state 
relevant to the thesis.  
 
First part (chapter 2-3) of the thesis is focused on synthesis and structural 
studies of coordination polymers using mainly monocarboxylate ligands. Chapter 2 
describes the reactivity of bpe towards Pb(II) ion in the presence of acetate and 
trifluoroacetate anions. Five Pb(II) coordination polymers and one hydrogen-boned 
zwitterionic coordination complex have been isolated. All the compounds were 
completely characterized by X-ray crystallography and spectroscopic methods. The 
synthesized coordination polymers exhibit 1D to 3D networks with interesting 
structural features. The olefinic C=C bonds of the bpe ligand were successfully 
aligned in parallel in triple-stranded coordination polymer and zwitter-ionic complex.  
 
     Chapter 3 highlights the reactivity of bpe towards Co(II) ion in the presence of 
anions such as acetate, trifluoroacetate, benzoate and nitrate. Six Co(II) coordination 
polymers were isolated and completely characterized by X-ray crystallography and 
spectroscopic methods. The topological structures involve molecular ladders, 
XIV 
 
interpenetrated (4,4) net, interpenetrated ladder, etc. The influence of the anions on 
the degree of interpenetration and topology of the networks was also studied. The 
magnetic properties of two coordination polymers have been investigated. 
 
        Second part (Chapter 4-6) of the thesis deals with the photodimerization 
reaction of coordination polymer and hydrogen-bonded metal complexes which are 
particularly synthesized to study the photoreaction of olefinic C=C bonds in bpe.  
     
     Chapter 4 elaborates interesting photochemical transformations in triple-
stranded Pb(II) coordination polymer and zwitter-ionic Pb(II) complex. Interestingly, 
both compounds undergo complete photodimerization in the solid state. The possible 
pathways of photodimerization have been proposed. Further, the photodimer rctt-tpcb 
obtained from zwitter-ionic complex undergoes acid-catalyzed isomerization in 
solution produces two more isomers, rcct-tpcb and rtct-tpcb which confirmed by 
NMR spectra. Two Pb(II) coordination polymers of rctt-tpcb and rare rcct-tpcb were 
isolated with interesting topologies. 
 
Photodimerization reaction of two hydrogen-bonded Zn(II) metal complexes 
has been described in Chapter 5. The olefinic C=C bonds of bpe molecules are 
aligned closely (C=C center-to-center < 4.0 Å) and contains six olefinic C=C bonds of 
bpe aligned in parallel and crisscross orientation. The photodimerization in the solid-
state was systematically studied under UV light, and characterized by NMR, XRPD, 
TGA and optical spectroscopy. Interestingly, criss-cross C=C bonds found to undergo 
pedal-like motion prior to photodimerization. This study provides new insights on the 




The details of the study on the function of trifluoroacetate and trifluoroacetic 
acid (HTFA) in the photoreactivity of bpe and isomerization of tpcb rings respectively 
are described in Chapter 6. Trifluoroacetate serves as a synthon in producing rtct-
tpcb, and HTFA as an acid catalyst in producing rtct-tpcb quantitatively by using 
photo- and isomerization reactions respectively. The present study shows that rtct-
tpcb can be synthesized in gram quantity in a short period of time.  The rtct-tpcb is an 
ideal tetrahedral ligand for the assembly of metal-organic frameworks (MOFs). 



















List of Compounds Synthesized 
 
No Compounds Structural units 












































































































































































































































































































































































































List of Figures 
                                   Chapter 1  
   
Figure 1-1 Common inorganic topologies found in coordination 
polymers. 
11 
Figure 1-2 (a) Two topologically similar net, but geometrically different 
(6,3) nets. Both nets formed from 3-connecting nodes, (b) 
(4,4) net formed from 4-connecting nodes (Schalfli symbol: 
4
4








Figure 1-3 (a) Interdigitation of 2D nets, (b) interpenetration of dia nets 
and (c) interwoven of 1D chains. 
13 
Figure 1-4 A schematic representation that demonstrates three modes of 
inclined interpenetration that have been found in 2D square 
grid networks, (a) diagonal/diagonal (b) parallel/parallel (c) 
parallel/diagonal interpenetration. 
14 




Figure 1-6 Schematic representation of various types of template used for 
photodimerization reaction in the solid state. (a) Resorcinol 
and methoxy resorcinol as hydrogen bond donors. (b) 
Representation of code reversal by different clipping agents 
(b) 1,8-nap as the hydrogen-bond donor (c) pyridine 
derivative as hydrogen-bond acceptor. 
19 
Figure 1-7 Schematic representation of the photoreactivity of (a) 
dinuclear metal complex and (b) organometallic complex. 
21 
Figure 1-8 SCSC transformation of 1D ladder coordination polymer. 23 
Figure 1-9 Packing of the hydrogen-bonded silver complex [Ag(µ-
bpe)(H2O)](CF3CO2)·CH3CN. 
23 
Figure 1-10 Packing pattern of the 1D hydrogen bonded tape. 24 
Figure 1-11 Pedal-like motion of olefins of trans-stilbene molecule in 
crystals. 
26 
Figure 1-12 Pictorial representations of the possible regio isomers of tpcb. 28 
   
 Chapter 2  
   
Figure 2-1 XRPD patterns of (a) simulated from 3 single crystal data (b) 
simulated from 4 crystal structure (c) 2 obtained as bulk 





Figure 2-2 XRPD patterns of (a) simulated from 6 crystal structure (a) 
bulk product of 6 synthesized in MeOH. 
42 
Figure 2-3 A view of the asymmetric unit in 1. 44 
Figure 2-4 A view of 1D double-stranded coordination polymer 1 45 
XXIII 
 
showing Pb∙∙∙π pyridyl interactions. 
Figure 2-5 A view of the asymmetric unit in 2. Disordered F atoms are 
not shown. 
49 
Figure 2-6 A perspective view of the 1D coordination polymeric strand 
formed by 2. C-H hydrogen atoms are omitted for clarity. 
49 
Figure 2-7 Space-filling models showing the interlacing in 2, looking 
down from (a) the b-axis and (b) the a-axis. 
51 
Figure 2-8  (a) A perspective view of coordination geometry at the metal 
centre in 3. The C-H hydrogen atoms of pyridyl rings, 
disordered fluorine atoms are not shown for clarity. 
53 
Figure 2-9 1D triply-stranded ladder running along [10-1]. The C-H 
hydrogen atoms of pyridyl rings, disordered fluorine atoms 
are not shown for clarity. 
54 
Figure 2-10 Two triple-stranded 1D CPs running in parallel fashion with 
minimum centroid-distances (d2) of the C=C double bonds 
between the adjacent 1D ladder is 7.614 Å. The hydrogen 
atoms and fluorine atoms have been omitted for clarity. 
56 
Figure 2-11 Coordination geometry of Pb(II) metal center in 4. 57 
Figure 2-12 A view of 2D sheet-like structure in 4. Trifluoroacetate and 
H-atoms are omitted for clarity. The olefinic C=C bonds are 
oriented in criss-cross fashion with a distance of 3.809 Å. 
58 
Figure 2-13 Free bpe molecules are intercalated between the 2D layers 
inside the crystal lattice. Free bpe molecules are disordered. 
59 
Figure 2-14 A diagram showing the asymmetric unit of 5. Disordered F 
atoms are not shown. 
61 
Figure 2-15 (a) Interlacing of 1D strands in 2 excluding weak Pb-O 
interaction (b) sra in 5 via μ2(-O-C(CF3)-O-) linkage.  
61 
Figure 2-16 A perspective view of sra net formed by 5. The octahedra 
Pb(II) atoms are indicated by polyhedra and yellow bonds 
indicates the linkage through two μ2(-O-C(CF3)-O-). 
62 
Figure 2-17 Schematic representation of sra net formed by connecting 
Pb(II) nodes in 5. 
63 
Figure 2-18 A perspective view of doubly interpenetrated sra nets in 5. 64 
Figure 2-19 The coordination geometry at Pb(II) metal center in 6. C-H 
hydrogen atoms, disordered atoms are omitted for clarity. 
65 
Figure 2-20 A segment of the hydrogen bonded assembly showing the 
details of the supramolecular interactions and atom labeling 
scheme. The C-H hydrogen atoms and disordered atoms are 
not shown for clarity. 
65 
Figure 2-21 A portion of the zig-zag hydrogen-bonded polymer 6. 67 
Figure 2-22 Microscopic images of (a) rod-like crystals of 3 (b) mixture of 
rod-like crystals (3) and cubic crystals of 4 (inset) after two 
weeks (c) formation of cubic (4) in higher yield after three 
weeks (d) blocks crystals of 2 after four weeks (confirmed by 
XRPD). 
68 
Figure 2-23 A polyhedral representation of Pb(II) metal center in (a) 1 (b) 
2 and (c) 6. A polyhedral representation of Pb(II) metal center 
and Pb-O-Pb linkages in (d) 3 (e) 4 and (f) 5. 
71 
Figure 2-24 TGA plot of coordination polymers 1-5. 78 
   
XXIV 
 
 Chapter 3  
   
Figure 3-1 Microscopic images of the crystals formed from Co(II) ion 
and bpe. 
91 
Figure 3-2 XRPD patterns of 9 from 1:2:2 ratio of Co(OAc)2 : bpe : TFA. 
(a) Simulated from 9 single crystal data (b) 9 obtained from 
MeOH, 90º C (c) 9 obtained diffusing in Et2O/MeOH solvent 
combination, (d) 9 obtained by slow evaporation in DMF 
solution. 
92 
Figure 3-3 A perspective view of the 1D molecular ladder polymeric 
structure of 7.  
94 
Figure 3-4 A perspective view of the 1D molecular ladder polymeric 
structure of 8.  
95 




Figure 3-6 A portion of the square-grid formed in 9. 97 
Figure 3-7 A schematic diagram showing the interpenetration of two 
diagonal square-grids sheets generated by connecting Co(II) 
metal atoms in 9. 
98 
Figure 3-8 Asymmetric unit of 10 showing the coordination geometry of 
Co(II). 
99 
Figure 3-9 A portion of 1D polymeric strand formed by 10. 100 
Figure 3-10 A schematic diagram showing the propagation of 1D zig-zag 
polymeric strands. 
101 
Figure 3-11   A segment of 1D polymeric strands found in 11. 102 
Figure 3-12  The details of the weak interactions found in 11. 104 
Figure 3-13 A perspective view of the asymmetric unit of 12. 105 
Figure 3-14 A portion of the square-grid formed of the 1D ladder in 12. 106 
Figure 3-15  A schematic diagram showing the details of the topology 
generated by connecting Co(II) metal atoms in 12. 
107 
Figure 3-16 TGA plot of coordination polymers 7 to 12. 
 
113 
Figure 3-17 Field dependence of magnetization of 9 at T= 2 K (above). 
Temperature dependence of χMT and χM
-1
 of 9 at H= 1 k Oe 
from 2 to 300 k (below).  The red line represents the best fit to 
the Curie-Weiss law. 
 
116 
Figure 3-18 Field dependence of magnetization of 12 at T = 2 K. 117 
Figure 3-19 Temperature dependence of χMT and χM
-1
 of 12 at H= 1 kOe 
from 2 to 300k. 
118 
   






   
Figure 4-1 (a) Two triple-stranded 1D coordination polymers running in 




C=C double bonds between the adjacent 1D ladder is 7.614 Å. 
(b) A portion of the zigzag hydrogen-bonded polymer 6. The 




H NMR spectra of 3 in DMSO-d6 (a) before UV irradiation 
and (b) ground crystals after 40 h irradiation (rtct-tpcb, 
100%). 
132 
Figure 4-3. XRPD patterns of 3 (a) simulated (b) ground crystals. The 
ground crystals show some discrepancy including an extra peak 
(*). Hence, phase change due to grinding cannot be ruled out. 
This is also supported by differences in their photoreactivity 
under UV light. 
133 
Figure 4-4 Plots of the product formed versus time for single crystal 




-MS (m/z) of 13 in MeOH, [rctt-tpcbH]
+





H NMR spectra of powdered crystalline complex 6: (below) 
before UV irradiation (above) after UV irradiation. 
138 
Figure 4-7  (a) Single crystal of 6 (b) Single crystals of 6 before UV 
irradiation (c) single crystals of 6 after UV irradiation (inset 
shows the presence of TFA droplets). 
139 
Figure 4-8  (a) A perspective view of the portion of 14 and geometry at 
the Pb(II) ions.  
140 
Figure 4-9 A portion of the 1D coordination polymeric structure of 14 
running along (101) plane. Acetate ligands are omitted for 
clarity. 
141 
Figure 4-10 Microscopic images of single crystals of (a) 14 and (b) 15. 141 
Figure 4-11 (a) A perspective view of the repeating unit in 15 and (b) 
stereochemistry at the cyclobutane ring. 
142 
Figure 4-12 (a) A portion of the 2D coordination polymeric structure in 
the (101) plane and (b) viewed from b-axis. The hydrogen 
atoms and CF3CO2
–
 anions are not shown for clarity. (c) 
Simplified schematic representation of 2D coordination 
polymer in 15. There two circuits in the 3-connected binodal 
2D net, contains a tetragon and hexagon associated with tpcb 




H NMR spectrum of the photodimerized product of 13 in 
DMSO-d6 recorded after four days. The inset shows the 
structures of cyclobutane isomers rctt (a), rtct (b), rcct (c). 
145 
Figure 4-14 1D coordination polymers of 14 running (a) along a-axis (b) 
along b-axis having Pb···N interaction. (c) The unit cell 
packing shows a 3D network through Pb···N interaction. 
Trifluoroacetate ligands, C-H hydrogen atoms are omitted for 
clarity. 
147 
Figure 4-15 (a) A binodal 4-connected 3D network in 14 through Pb···N 
interaction (b) This 3D network contains hexagonal channels. 
148 
Figure 4-16 (a) A perspective view of the packing in corrugated 2D 
coordination polymers (b) the bridge (blue) indicates the Pb-O 





   
 Chapter 5  
   
Figure 5-1 A perspective view of the unit cell contents in 16. 158 
Figure 5-2 The hydrogen-bonded strands formed by Zn1 viewed 
approximately along the a-axis (a) and the c-axis (b) to show 
the parallel dispositions of C=C bonds. The aromatic C-H 
hydrogen atoms have been omitted for clarity. 
160 
Figure 5-3 The hydrogen-bonded strands formed by Zn2 viewed 
approximately along the a-axis (a) and the c-axis (b) to show 
the crisscross alignment of C=C bonds. The aromatic C-H 
hydrogen atoms have been omitted for clarity. 
160 
Figure 5-4 A view along the a-axis showing the details of the alignments 
of double bonds and distances (d) in the hydrogen-bonded 1D 
polymeric structures present in 16. The hydrogen atoms 
omitted for clarity. The olefinic double bonds in d1 and d4 are 
oriented in parallel and d2, d3, d5 and d6 are oriented in criss-
cross fashion. 
161 
Figure 5-5. A perspective view showing the hydrogen-bonded 
connectivity in (H2O)8 and (H2O)5 clusters. 
162 
Figure 5-6. A view of the layer showing the interactions of NO3
-
 anions, 
lattice water, and free bpe molecules that are sandwiched 
between the [Zn(bpe)2(H2O)4]
2+
 cationic layers in 16. 
163 
Figure 5-7. Geometrical parameters used in the relative representation of 
reactant double bonds in coumarin. 
164 
Figure 5-8. Geometrical parameters used in the relative representation of 





H NMR spectra of 16 ground for 5 min before UV irradiation 
(a) and (b) after 25 h of UV irradiation. 
168 
Figure 5-10 Plots showing the progress of photoconversion of 16 over 
various time intervals to (a) rctt-tpcb and (b) rtct-tpcb 
isomers, as monitored by 
1
H NMR spectroscopy in DMSO-d6 
solution. 16a = single crystal, 16b = single crystal ground for 
5 min, 16c = single crystal ground for 10 min, 16d = single 
crystal ground for 20 min, 16e = crushed single crystals, 16f = 
single crystal heated at 80 °C. 
169 
Figure 5-11 TG analysis of 16 (a) Before UV irradiation (16a = single 
crystal, 16b = single crystal ground for 5 min, 16c = single 
crystal ground for 10 min, 16d = single crystal ground for 
20 min) (b) A plot of loss of water molecules versus grinding 
time before UV irradiation. (c) TG after 25 h UV irradiation 
(16e = single crystals, 16f = single crystal ground for 5, 16g = 
single crystal ground for 10 min, 16h = single crystal ground 
for 20 min). (d) A plot of loss of water molecules versus 
grinding time after UV irradiation. 
170 
Figure 5-12 XRPD patterns of 16: (a) simulated from single crystal (b) 
bulk sample (c) ground single crystals for 5 min, (d) ground 
single crystals for 10 min, (e) ground single crystal for 20 




weaker than the powder according to the intense peak at 2-
theta scale 20˚. 
Figure 5-13 Microscopic pictures of 16. (a) a single crystal, (b) crushed 
crystals, (c) crushed crystal after 4h UV irradiation, (d) 
ground crystals for 20 min, (e) 20 min ground crystal after 25 
h UV irradiation, (f) single crystals before heating, (g) heated 
single crystal at 80 °C for 1 h, (h) heated single crystal at 150 
°C for 1 h. 
173 
Figure 5-14 A perspective view of the fundamental unit in 17. Assigned 
only relevant atoms. 
174 
Figure 5-15 A perspective view of the packing arrangement of 17 (green 
color indicates π∙∙∙π stacking between the pyridyl rings 
containing C=C distances d1 and d2, orange color indicates the 
photostable free bpe molecule). 
176 
Figure 5-16 A plots showing the progress of photoconversion of 17 over 
various time intervals to rctt-tpcb isomer as monitored by 
1
H NMR spectroscopy in DMSO-d6. 17a = single crystal, 17b 
= single crystal ground for 5 min, 17c = single crystal ground 
for 20 min, 17d = single crystal heated at 60 °C. 17e = single 




H NMR spectra of 17 (ground single crystal for 5 min) after 
25 hr UV irradiation (rctt-tpcb: 75%) in DMSO-d6. 
179 
Figure 5-18 A perspective view of 17 in which the free bpe molecule 
(orange color) locked between the two cationic layers. 
179 
Figure 5-19 TG analysis of 17 (a) Before UV irradiation (17a = single 
crystal, 17b = single crystal ground for 5 min, 17c = single 
crystal ground for 20 min, 17d = TG after 25 hr UV 
irradiation, 20 min grinded). 
180 
   
 Chapter 6  
   
Figure 6-1 A view of the asymmetric unit of 18. C-H hydrogen atoms are 
omitted for clarity. 
196 
Figure 6-2 (a) A portion of the packing in 18. The nitrogen (blue), 
oxygen (red), fluorine (green) as indicated. (b) A view of the 
crystal packing between two 2D layers in 16 along the c-axis. 
197 
Figure 6-3 A view of packing arrangement ABC 2D layers in 18. The 
adjacent C∙∙∙C layers are interacting through very weak F···F 
contacts and the C=C bonds oriented in parallel fashion with a 









H NMR spectra of 19 (a) in DMSO-d6 after 26 days (b) in 
DMSO-d6 after 72 days (c) in MeOH-d4 after 3 days.  
200 
Figure 6-6 Plot showing the product distribution of 19, 20 and 21 in 




H NMR spectra of photodimerized product 19 in DMSO-
d6. The spectra shows 19-21 containing the cyclobutane 






H NMR spectrum of the isolated rtct-tpcb in DMSO-d6. 205 
Figure 6-9 ESI
+
-MS analysis of rtct-tpcb in MeOH. m/z (%): [rtct-
tpcb+H]
+  
365.2 (100 %). 
205 
Figure 6-10 A perspective view of the asymmetric unit of 22. 207 
Figure 6-11 (a) A view of the 22 perpendicular to the bc-plane. (b) A 
polyhedral view. (c) A perspective view of ptt network 
containing honeycomb and rhombic channels. 
208 
Figure 6-12 A perspective view of ptt net in 22 formed from tetrahedral of 
rtct-tpcb and square-planar connector Zn(II).  
210 
Figure 6-13 The fundamental rings or smallest circuits (tetragon, hexagon 
and octagon) associated with tetrahedral rtct-tpcb nodes 
(green color), square planar Zn1 and Zn2 nodes in ptt 
topological net of 22. 
211 
Figure 6-14 (a) A view of 23 along perpendicular to the ac-plane (blue = 
Co(II) metal center). (b) A polyhedral view of tetrahedral tpcb 
and square planar Co(II) connectivity. (c) A single pts 
network. (d) A view of the doubly interpenetrated pts 
network. 
213 
Figure 6-15  (a) A schematic representation of two interpenetrated pts nets 
in 23. (b) The two pts nets in 23 forms square channels along 
the c-axis. 
215 
   
 Appendix  
   
Figure A-1 The asymmetric unit of 6 with various disorders. 
 
229 
Figure A-2 X-ray powder patterns of 9 from 1:1:1 ratio of Co(OAc)2 : bpe 
: TFA. (a) Simulated from 9 single crystal data (b) 9 obtained 




Figure A-3 X-ray powder patterns of 9 from 1:1:2 ratio of Co(OAc)2 : bpe 
: TFA. (a) Simulated from 9 single crystal data (b) 9 obtained 
from MeOH, 90 ºC (c) 9 obtained by slow evaporation in 
DMF solution. 
230 
Figure A-4 X-ray powder patterns of 9 from 1:2:1 ratio of Co(OAc)2 : bpe 
: TFA. (a) Simulated from 9 single crystal data (b) 9 obtained 
from MeOH/H2O, 90 ºC (c) 9 obtained from MeOH, 90 ºC (c) 
unknown phase obtained by slow evaporation in DMF 
solution. 
230 
Figure A-5 Microscopic images of 3, single crystals (a) before and (b) 
after 30 min UV irradiation using wavelength of 350 nm 
(Luzchem photoreactor), (c) before and (d) after for 40 min 
UV irradiation using wavelength of 300 nm (Asahi spectra 




H NMR spectra of 3, single crystal after 40 min irradiation. 231 
XXIX 
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1. 1 Coordination Polymers 
Coordination polymers are rapidly emerging inorganic–organic solid state 
materials which provide boundless opportunity for designing their chemical and 
physical properties.
1
 These highly crystalline materials are constructed from 
assembling of metal ion or metal cluster with organic ligands through coordination 
bonds to form one-, two- and three-dimensional structures. Coordination polymers 
(CPs) are also known as metal-organic frameworks (MOFs)
1
 and some of these solid 
networks exhibit permanent porosity which is termed as porous MOFs or porous 
coordination polymers (PCPs). These extended solid networks collectively are also 
termed as metal-organic materials (MOM).
2
 These materials have drawn ever-
increasing scientific and technological interest due to their widespread application 
such as gas storage/separation, catalysis, ion exchange, drug delivery and 
optoelectronics etc. A collective approach such as design and synthesis, molecular 
modeling, functional properties towards application from several research groups 
have significantly helped the growth and development of these materials in the last 
two decades.  
The spectacular growth of this materials attracted researchers from material 
science, biology and medicine. In the beginning of 1990, Robson uncovered the 
remarkable discovery using Wells net-based approach
3
 in his laboratory which was 
the great success that helped the rapid expansion and development of the coordination 
polymers.
4
 Robson and coworkers proposed a novel design approach to synthesize 
these new classes of materials with interesting properties.
5
 Supramolecular chemistry 
and crystal engineering have enhanced the development of the coordination polymers. 
Lehn defined the supramolecular chemistry as the chemistry beyond the molecules.
6
 A 
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single crystal is the best example of a supermolecule with repetitive arrangement of 
molecules in three-dimension, according to Dunitz as, “Supermolecule(s) par 
excellence”.7 
In 1970, G.M.J Schmidt coined the term “crystal engineering” to understand 
the crystal structure of cinnamic acid derivatives and their photochemical reactivity in 
the solid-state.
8
  Schmidt’s investigations provide the information that the physical 
and chemical properties of crystalline solids profoundly depend on the distribution of 
the components inside the lattice.  Later, this field has been developed rapidly due to 
its importance in material science. Desiraju’s significant contribution for the past two 
decades evolves systematic and logical ways to design and understand the properties 
which led to the development of crystal engineering.
9
 Desiraju provided a wider 
definition for crystal engineering as “the understanding of intermolecular interaction 
in the context of crystal packing and in the utilization of such understanding in the 
design of new solids with desired physical and chemical properties”. Although crystal 
engineering was first designed for solid-state reaction in crystals, it has been 
rediscovered in various fields in designing the solids which have the properties such 
as porosity, luminescence, nonlinear optical activity, ferroelectricity and 
piezoelectricity. The mutual coincidence of supramolecular chemistry and crystal 
engineering assisted in understanding the self-assembly process and understanding the 
intermolecular interactions and structure-function relationships in solids. The 
terminologies such as synthons and tectons have been used for directing the packing 
arrangement of molecules in the organic solids in crystal engineering. A similar 
terminology has been used for designing the infinite network solid of coordination 
polymers. The organic ligands are linked by metal cation or metal clusters in 
      Chapter 1 
      Chapter 4 
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constructing coordination polymers. Rapid developments in the last 20 years indicate 
the predictability of the coordination polymers relatively easier since they are more 
controllable than organic solids (directed via hydrogen bonding).  Even though 
reasonable achievement has been occurred in engineering crystals, the structural 
predication or Maddox’s statement “One of the continuing scandals in the physical 
sciences is that it remains in general impossible to predict the structure of even the 
simplest crystalline solids from a knowledge of their chemical composition” is still 
valid today.
10
 Even, absolute prediction of the dimensionality and connectivity in 
coordination polymers is still a challenge when assembling a chosen ligand with a 
metal center. Depending on the properties of metal cations (various geometry can be 
used such as linear, tetrahedral, square-planar, square-pyramidal, trigonal-
bipyramidal, octahedral, trigonal-prismatic, pentagonal-bipyramidal, and the 
corresponding distorted forms), binding strength and directionality of ligands and the 
reaction conditions; coordination polymers exhibit a wide variety of infinite (1D, 2D, 
and 3D) networks.
1a
 This has been realized through self-organization of various metal 
cations and bifunctional ligands (e.g. 4,4′-bipy) can form linear, zig-zag, ladder, 
honeycomb, square-grid, diamondoid, and octaherdral frameworks (Scheme 1-1).
1c, 11 
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Scheme 1-1.  Schematic representation of some of the simple 1D, 2D and 3D 
coordination polymers formed from the metal “nodes”(red) and organic “spacers” 
(blue): (a) cubic; (b) cubic diamondoid; (c) hexagonal diamondoid; (d) square grid; 




The diversity of above network structures are very well known. Zaworotko 
proposed this diversity of structures as supramolecular isomerism is the existence of 





 It has been categorized to structural, conformational, 
catenane and optical supramolecular isomerism. Supramolecular isomerism has its 
own importance in coordination polymers due to various reasons: (1) it is an 
opportunity to get better understanding of the factors influence the crystal nucleation 
and growth, (2) it represents a significant limitation on the number of the possible 
superstructures, (3) it provide an opportunity to control the supramolecular isomers 
and help to design the desired one, (4) implication of gaining better understanding of 
polymorphism in crystals, (5) the diversity of these structures profoundly effect on 
their bulk properties and (6) it provides the information that the structures can be 
occur from the same building blocks under similar crystallization conditions.  
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The diversity of networks does not absolutely depend on the geometrical 
features of metal cations. For example, a zig-zag network can be formed from a 
linear, square-planar, trigonal-bipyramidal and octahedral metal cation. In some 
instances, the assemblies of networks are metal-to-ligand ratio dependent. For 
example, bipy by coordinating to metals 1:1 metal: ligand ratios can afford molecular 
polygons or chains (zig-zag, linear or helical) and 1:1.5 stoichiometry can form 1-D 
molecular ladder; 1:2 stoichiometry can afford 2-D square grid or 3-D diamondoid 
topologies; and 1:3 stoichiometry has been shown to produce a 3-D cubic framework 
(Scheme 1-1). Different products can be isolated from a reaction that proceeds 
through kinetically favorable conditions. 
Transition metal ions or metal clusters are the most well-known joints (or 
connectors) in coordination polymers.
1
 The main reason is the easiness of designing 
the coordination polymers from the labile M-L coordination bond and the strength of 
the ordered crystalline network solid formed from the coordination bond with high 
regularity. The more directional strong coordination bond of metal ions with ligands 
provides more robust materials.  
Ligand design is one of the important factors in getting the desired topological 
network. Pyridyl donor ligands are one of the most versatile building blocks (or 
linkers) in the construction of coordination polymers.
1a
 In these ligands, 2-connecting 
linear bifunctional spacer and 3-conneting trifunctional ligands are the most common; 
4-conneting ligands are far less than 2- and 3-connecting ligands. Several 
coordination polymers have been reported using linear and angular spacer ligands 
(Scheme 1-2). An anionic source (e.g. ClO4ˉ, BF4ˉ, NO3ˉ, NCSˉ, PF6ˉ, SiF6
2ˉ, CNˉ 
and CF3SO3ˉ etc.) neutralizes the overall charge of the compound.   
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Scheme 1-2. A few examples of neutral pyridyl donor ligands used in coordination 
polymers. The ligands exhibit variation in ligand length, rigidity, flexibility and 
functionality. 
 
Later, several modified 2-connecting ligands (Scheme 1-2) are used such as 
modification in ligand length or flexibility by introducing aliphatic or aromatic group 
and modification of binding angle via changing position of nitrogen atom in the 
pyridyl rings. This provides wide variety of structures through ligand design. 
However, cationic frameworks formed from nitrogen donor ligands can collapse 
while guest exchange or evacuation. In these 2-connectig ligands, our laboratory is 
interested in 4,4′-bpe which is the modified form of bpy in terms of ligand length and 
functionality by introducing C=C bonds. 
12-13
 
Because of their diverse coordination modes and bridging ability poly-
carboxylates have been widely used in the construction of coordination polymers.
1 
Carboxylic acid ligands provides wide range of rigid network due to their ability to 
aggregate metal ions into M-O-C clusters termed as secondary building (SBU) units. 
Yaghi and coworkers introduced SBU units with large rigid vertices that can be joined 
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Scheme 1-3. The formation MOF is shown from rigid metal carboxylate clusters 




The need for counterions in their cavities is obviating since the frameworks is 
neutral. In this way, large class of metal-organic frameworks (MOFs) materials has 
been synthesized and termed as “Reticular Chemistry” which concerns the linking of 
molecular building blocks into predetermined structures using strong bonds.
14
 It was 
one of the major breakthroughs of coordination polymeric materials due to their 
superior capacity of gas storage properties which can be used for clean energy 
purpose such as hydrogen storage and CO2 capture.
15
 
The stability of coordination polymers is also improved by introducing mixed 
ligands or mixed functionality in single ligand.
1a-b
 For example, ligands contain both 
pyridyl and carboxylic functional groups have been successful for the construction of 
various coordination polymers.
16
 Further, several coordination polymers have been 
designed and synthesized from more than one bridging ligand.
1a-b,17
 In this case, 
controlling the reaction may be more challenging since the building blocks can 
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interfere with the reaction which affords various topologies and obviating the desired 
network. For example, both dicarboxylate ligands and pyridyl ligands can be used to 
construct pillar like networks. Similarly, monocarboxylate ligands with pyridyl 
donors affords ladder like networks.
18
 Owing to their bridging ability acetate and 
trifluoroacetate are efficiently utilized to orient the C=C double bonds of bpe ligands 




 The following 
sections intend to provide some background in the formation to understand the 
materials in Chapter 2 and Chapter 3. 
 
1.1.1 Synthesis  
Normally, coordination polymer is prepared in single step through self-
assembly process such as slow evaporation of the solution of the reactants, layering of 
two solutions or slow diffusion of the one component to another and other methods 
have been implemented to get the crystalline products of coordination polymers. The 
formation of coordination polymers not only depends on the properties of metal 
cation, ligand and metal-to-ligand ratio but also the crystallization conditions such as 
solvent, temperature, concentration, pH, time and inorganic counterion,. This 
exemplifies the complexity of predicting the desired connectivity, dimensionality and 
topology of the networks. The normal synthetic methods may take weeks and months 
to get the product which is hampered in some extent in studying of these materials. 
Hydrothermal/solvothermal techniques have been found to be quite successful by 
greatly reducing the time for crystallization of coordination polymers to few days.
1d, 20
 
The important parameters such as pH, concentrations and temperatures can be varied 
to produce variety of network topologies. There are several other methods being 
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 high throughput synthesis
23
 etc. Microwave synthesis has 
been found very promising since the method provides as efficient way to synthesize in 
a short period of time. A good understanding of the properties and interactions of the 
building blocks (non-covalent interactions), the effect of solvent system and 
counterion will provide advantage of the stepwise control in constructing the 
predictable topology. 
 
1.1.2 Nets and Topology 
In 1977, Wells in his famous book described the crystal structures in term of 
their topology through reducing them to networks (or nets).
3
 Net is formed from series 
of points (nodes) that are connected to a fixed number of other points. These 
structures coined with mathematical notations which can be discrete (0D), polyhedra 
or infinite (1D, 2D and 3D) periodic nets. Robson, Hoskins and coworkers who 
pioneered the development of coordination polymers applied the net approach to 
design the coordination polymers by using the metal ion (nodes) and ligands 
(connection between the nodes) with certain geometries towards targeting a particular 
topology.
5
 For example, diamondoid (dia) topology has been known to form from 
tetrahedral metal ions (Cu(I), Zn(II) and Cd(II)) and linear bridging ligands 
(cyanide).
5a
 Similarly, dia topology also can be formed from tetrahedral bridging 
ligands and tetrahedral ligands. In this way, 2D and 3D coordination polymers have 
topologies comparable to minerals. For example, coordination polymers adopt similar 
structure of PtS (pts), SrAl2 (sra), α-Po (pcu), NbO (nbo), rutile, sodalite and several 
      Chapter 1 





Figure 1-3 represents some of the common inorganic 
topologies. 
 




Topological description has been found very useful in describing the 
connectivity of coordination polymers.
1f
 There are several excellent reviews which 
are devoted to the topology of coordination polymers.
1b, 1f, 24-27
 Based on the Wells’s 
description, large number of topological networks has been identified in coordination 
polymers. Robson and coworkers described the net as the collection of interlinked 
nodes; each link connects two nodes and each node is linked to three or more other 
node.
1f
 In each net, a shortest circuit can be formed around the nodes. If net form 
uniform net (same sized circuits), and similar connectivity, the net can be described 
by the mathematical notation (n, p), where n is the size of shortest circuit and p is the 
connectivity of the nodes. Examples of such nets are given in Figure 1-4.  Specifically 
not all the net follow this criterion. For example, the net contains dissimilar shortest 
circuits or connectivity. In such cases, a modified description is used called Schläfli 
symbol (or Point symbol).  
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Figure 1-2. (a) Two topologically similar net, but geometrically different (6,3) nets. 
Both nets formed from 3-connecting nodes, (b) (4,4) net formed from 4-connecting 
nodes (Schalfli symbol: 4
4






 Schläfli symbol is also useful in the description of the nets that contain more 
than one node (e.g. binodal and trinodal net) and interpenetrated nets. A node or link 
can be formed from a metal cation or metal cluster or ligand. For example, 3- and 4- 
connecting ligands can act as 3- and 4-connecting nodes respectively. Connectivity 
and geometry of the node can be different  from the geometry of metal cation or metal 
cluster. For example, octahedral metal can act as 3-conneting nodes through bonding 
in bidentate fashion. A tetrahedral metal can act as square-planar nodes if they are 
linked by bent ligands. Finally a topological description should always simplify the 
structural description of coordination polymers and not complicate it.
1b 
1.1.3 Interpenetration of Coordination Networks 
One of the most exciting features of the coordination polymer is exceptional 
porous nature of the frameworks due to large voids formed from the net. These voids 
can accommodate either solvent or guest molecules or multiple interpenetrating 
networks since “nature abhors a vacuum” in crystals. A crystal can increase its 
packing efficiency through intercalation, interdigitation or interpenetration.
1b, 1f
 A 
rectangular channel of 2D (4,4) sheet can accommodate  guest molecules or solvent 
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molecules (intercalation), 2D sheets can align themselves like fingers of folded hands 
(interdigitation) as shown in Figure 1-5. Batten et al. defined interpenetration occurs 
when two or more polymeric networks are not strictly connected but cannot be 
separated topologically without breaking of bond. If the network can be separated 
without breaking the bonds, then it is interwoven.  
 
Figure 1-3. (a) Interdigitation of 2D nets, (b) interpenetration of dia nets and (c) 




Interpenetration has been thought as a negative factor for long time since it 
reduces the pore size in coordination polymers. However, recent reports show that 
interpenetration enhances the stability, and selectivity of binding guest molecules.
28-30
 
The interpenetrated networks have been shown higher hydrogen uptake compared to 
the non-interpenetrated counterpart.
29 
  This may be due to the reduction of pore size, 
which eventually increases the interaction of dihydrogen molecules and wall of the 
network. The topology of the interpenetrated networks will be completely different 
from the parent structure; hence the properties also changed. To describe a complete 
structure of coordination polymeric structure the topology of the network must be 
illustrated with network topology. Batten et al. defined a notation, mD→nD for the 
description of entangled networks, where mD represents the dimensionality of the 
constituent net, and nD represent the overall entanglement.
1b
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Due to their predictable pore size and selective inclusion of guest molecules, 
square-grid networks with (4,4) topology have gained special attention.
1b-c 
Zaworotko 
et al. have described topologically different modes of interpenetration for (4,4) 





Figure 1-4. A schematic representation that demonstrates three modes of inclined 
interpenetration that have been found in 2D square grid networks, (a) diagonal/ 




The diagonal/diagonal interpenetration contains windows of sheets with the 
nodes of their interpenetrating partners.
1c, 1f 
The first diagonal/diagonal networks
 
has 
been reported by Robson and coworkers in 1990.
5d
 Although diagonal/diagonal 
interpenetration is the commonly encountered in inclined interpenetration, exact 
diagonal/diagonal inclined sheets with connecting at the mid-point of square-grid 
sheets are very rare. 
The structural motifs observed with T-shaped connecting nodes are of 
particular interest in constructing ladders, brickwall, bilayer and 3D frameworks.
18, 30
 
Interpenetration of molecular ladders is not very common due to the guest solvent 
molecules in the cavities.
31 
Long linear spacer ligands favor the formation of square-
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grid networks or tend to favor higher-folded interpenetrated 3D nets.
32-33
 Despite a 
few three-fold interpenetrated ladder structures have been reported, molecular ladders 
formed by bpe spacer ligand with rigid backbone is not fully understood.
24
 
Molecular-ladder structures are of particular interest in the coordination 
polymers over the past few years
1c, 12-13, 19, 34-35
 because of their fascinating structural 
and novel magnetic, 
34
 electronic and optical properties.
35
 Ladder coordination 
polymers are one of the most suitable structures to orient the C=C bond of bpe 




1.2 Solid State Reaction
 
Solid state provides an alternative medium to conduct chemical reactions; 
hence the reactions are not just limited to liquid phase. In many cases, organic 
reaction occurs in the solid-state more efficiently and more selectively than in liquid 
phase if the molecules are arranged in the correct orientation tightly and regularly.
36
 
Basically, organic solid-state reactions started with photoreaction in crystals. The 
trans-cinnamic acid undergoes photoreaction in the solution to cis-isomer,
8 
but in the 
solid-state a photodimerized cyclobutane product (Scheme 1-4) which clearly 
demonstrate the reactivity difference between solution and solid state.  
 
Scheme 1-4. The photodimerization of cinnamic acid in solution and solid state. 
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The reactivity of solids is essentially different from the reactivity of molecules 
since the properties of solid completely depend on the cooperative interaction 
between the atoms and molecules when the solid forms. The product formation occurs 
due to the lack of long range molecular movement and well organization in the solid-
state, while such organization of molecules is not restricted in liquid phase. The 
crystal packing and the strict arrangement of the molecules in constraint location 
helped to understand the solid-state photoreaction. Such control of reactivity was 
formulated by Schmidt as “topochemical control”. 8 
 
1.2.1 Solid State [2+2] photodimerization 
The topochemical control on photodimerization was first recognized by 
Schmidt and coworkers in the 1960’s and 1970’s.8, 37 Based on the crystallographic 
and photochemical studies on cinnamic acids derivatives and other compounds, 
Schmidt deduced the following conclusions that the photoreaction occurs between the 
nearest neighbor molecules in a stack, and that occur “topochemically” controlled. 
This postulate formulated as “the reaction in the solid state occurs with a minimum 
amount of atomic or molecular movement”. Hence the postulate implies that “the 
formation of the product of a solid state reaction is predetermined by mutual 
juxtaposition of the molecules in the parent crystal”. The study of the relation 
between the structure and the reactivity of crystal are termed “topochemistry”. The 
requirements for photodimerization are summarized as the potentially reactive C=C 
bonds assume to be in parallel orientation and separated by less than 4.2 Å and 
beyond this limit the reaction will not occur (Scheme 1-5).  
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Scheme 1-5. The scheme illustrates the topochemical postulate formulated by 
Schmidt. The polymorph of trans-cinnamic acid responds differently during 
photoirradiation.  
 
The geometric alignment allows the C=C bonds nearly collinear and sufficient 
overlap of the p(z) orbitals to react and form cyclobutane ring. Cinnamic acid exist in 
three polymorphic medications, namely α-, β- and - forms (Scheme 1-2). In α- and β- 
forms follow Schmidt topochemical criteria, while - form not follow. The α- form 
stacks in two alternating orientation (centric equivalent) to produce centrosymmetric 
head-to-tail isomer α-truxilic acid (rctt-1,3-diphenylcyclobutane-2,4-dicarboxylic 
acid) on photoreaction. While β- form stacks in identical orientation (translationally 
equivalent) and converts to head-to-head isomer β-truxinic acid (rctt-1,3-
diphenylcyclobutane-3,4-dicarboxylic acid). The olefinic C=C bonds in - forms 
oriented in more than 4.2 Å and the solid was found to be photostable.  
The topochemical criterion for the solid-state photochemical [2+2] 
cycloaddition reaction becomes fruitful and follows most of the solid-state 
photodimerization reaction. Consequently, photodimerization of alkenes have 
received considerable attention in synthetic organic photochemistry because it can 
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yield products that are not accessible cleanly, selectively attained in solution. 
However, controlling and predicting the molecular arrangement or packing are 
difficult to direct the molecules for the reactivity by design and it has been found to be 
more trial and error process. Hence, it is a great challenge to align the double bonds in 
solid state to direct solid-state synthesis by design. 
Crystal engineering principles and its several approaches addressed in 
designing crystals to direct photoreaction. Non-covalent interactions stabilized the 
crystal packing by providing chemical functionalities. A number of non-covalent 
interactions such as chlorine-chlorine and  interactions, charge transfer forces, 
hydrogen bonding have been discovered to align the double bonds in the crystal 
lattice in a congenial manner for the photodimerization reactions.
38-42
 Schmidt and 
Cohen realized that mono- and dichloro substitution are effective in controlling the 
crystal packing of cinnamic acid for photoreaction.
38
 Desiraju and coworkers 
described that crystal structure can be controlled by introducing bromine or chlorine 
functionalities in the aromatic ring which provides Br∙∙∙Br or Cl∙∙∙Cl interaction.39 
Grubbs and Coworkers reported the use of donor acceptor  interaction with 
fluorine substitution to conduct [2+2] photoreaction and photopoymerization in the 




Figure 1-5. Packing diagrams of (a) trans-penta fluorostilbene and (b) trans,trans-
1,4-bis(2-phenylethenyl)-2,3,5,6-tetrafluorobenzene. 
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The strength and directionality of the hydrogen bonds have been elegantly 
exploited by MacGillivray and coworkers to orient the double bonds in bpe with clip-
like templates such as resorcinol and its derivatives in the crystal lattice.
42
 For 
example, C=C bonds in a pair of bpe molecules have been successfully aligned in 
parallel using 1,3-dihydroxybenzene (resorcinol), and its derivatives, or 1,8-
naphthalenedicarboxylic acid (1,8-nap) as bifunctional clipping agent (Figure 1-8a). 
By using this synthetic strategy termed “template oriented organic synthesis”, several 
hydrogen-bonded donor-acceptor molecules with a pair of C=C bonds closely 
oriented via four O-H
…




Figure 1-6. Schematic representation of various types of templates used for 
photodimerization reaction in the solid state. (a) Resorcinol and methoxy resorcinol as 
hydrogen bond donors. (b) Representation of code reversal by different clipping 
agents (b) 1,8-nap as the hydrogen-bond donor (c) pyridine derivative as hydrogen-
bond acceptor. 
 
 Ladderanes (as shown in Figure 1-8b) and cyclophanes
 
have been 
successfully isolated by increasing the number of reactive C=C bonds from one to 
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three which were otherwise inaccessable in solution methods.
44 
By introducing 
pyridine units as a part of the clipping agent to anchor photoactive dicarboxylic 
acid, the hydrogen-bond donor-acceptor groups in the four-component molecular 
complex (Figure 1-8c) satisfying the Schmidt’s criteria can also be reversed as 
shown in Figure 1-8d. However, only about 70% double bonds could be cyclized 
even after 10 days of irradiation. While this transformation has been observed to 
proceed via partial SCSC manner.
45
  
  Metal assisted or metal catalyzed solid-state dimerization, oligomerization 
and polymerization reactions are well known in the literature.
46-47 
The reactive 
C=C bonds in bpe may well be aligned in the metal complexes by making use of 
the predictable coordination number and geometry of the metal ions.
46 
Dinuclear 
complexes formed by metallophilic interactions and/or bridging ligands, in 
principle, can be employed to orient a pair of bpe molecules or more.
46-47
 





pyridylethyl)formimidoyl]-4-methylphenol) with metal-metal distance in the order 
of 3.5 Å has been used to align a pair of C=C bonds of bpe.
48
 The C=C bonds in 
the bpe ligands are aligned at 3.64 Å and the SCSC photodimerization has been 
demonstrated efficiently (Figure 1-9a).  
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Figure 1-7. Schematic representation of the photoreactivity of (a) dinuclear metal 
complex and  (b) organometallic complex. 
 
   




-C2O4)Cl2] (M = Rh, Ir) also 




-C2O4)](OTf)4 [M = Rh, Ir] as shown in Figure 1-9b.
49 
These complexes undrgeo 
photodimerization reaction to produce cyclobutane derivatives quantitatively in 
the tetranuclear rectangular boxes. Though the strength and directionality of the 
hydrogen bonds have been exploited to align the double bonds, hydrogen-bonded 
metal complexes have rarely been utilized for this purpose. Such studies on 
flexible hydrogen-bonded metal complexes provide an opportunity to isolate other 
stereoisomers of the cyclobutane derivative which has not been encountered in 
organic systems. 
  Briceño and coworkers have synthesized two hydrogen-bonded isomeric 
complexes of [Mn(NCS)2(OH2)4]. 4(bpe-2), (where bpe-2 = trans-1,2-bis(2-
pyridyl)ethylene) both having two thiocyanate ligands in trans fashion.
50
 In one 
isomer, of the four lattice bpe-2 molecules which are sustained by O-H N 
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interactions, only a pair of bpe-2 molecule is related by twofold rotation axis 
which resulted in criss-cross arangement of olefinic bonds and also shows the 
shortest distance of 3.23 Å between them. The other two bpe-2 molecules were not 
expected to be photoreactive due to unfavorable distance and geometry. These 
criss-cross olefinic bonds undergo cycloaddition under UV light to produce the 
rtct-tpcb isomer quantitatively. The bpe-2 molecules held by O-H N bonds do not 
undergo pedal motion as observed in organic systems (vide infra), probably due to 
very strong interactions between the olefinic bonds. On the other hand, in the 
second isomer which has parallel disposition of double bonds separated by 3.39 Å 
produced the expected rctt-tpcb upon UV irradiation. 
  Vittal and coworkers utilized judicious combinations of the metal ions and 
bridging ligands to control the distance between the double bonds of bpe in 1D 
coordination polymers with ladder structures.
12-13, 19
 The major challenge in this 
methodology is to get an appropriate experimental conditions to isolate the desired 
ladder structures.
19
 Anchoring pair of bpe ligands in an infinite serial fashion has been 
accomplished by using simple zinc carboxylate salt which resulted in the desired 1D 
coordination polymers, [{(CH3CO2)(µ-O2CCH3)Zn}2(µ-bpe)2]n. and [{(CF3CO2)(µ-
O2CCH3)Zn}2(µ-bpe)2]n. Though complete photodimerization of the coordination 
polymer could be achieved, the crystals of the former polymer were cracked upon 
irradiation. When 50% of the acetate ions were replaced by CF3CO2
-
 ions, the latter 
polymer (shown in Figure 1-10) undergoes 100% topochemical photodimerization in 
an SCSC manner.
19
 The fluorine atoms in the molecule allow the crystal to withstand 
the strain during the minimum movement of the atoms during photodimerization. 
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Figure 1-8. SCSC transformation of 1D ladder coordination polymer. 
 
 Photodimerization has also been used as a tool to study the movements of 
molecules in the solid-state based on the Schmidt topochemical postulate.
13a-13d
 An 
hydrogen-bonded 1D coordination polymer [Ag(µ-bpe)(H2O)](CF3CO2)·CH3CN, 
in which the C=C double bonds of bpe are far away to satisfies the Schmidt’s 




Figure 1-9. Packing of the hydrogen-bonded silver complex [Ag(µ-
bpe)(H2O)](CF3CO2)·CH3CN. 
  
 However, the 
1
H-NMR spectrum of the irradiated product after desolvation 
reveals 100% photodimerization. This has been explained due to the anisotropic 
movements of 1D polymers of ladder coordination polymer during solvent 
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removal and formation of ladder coordination polymer.
13c 
A similar structural 
transformation of 1D coordination polymer [Cd(bpe)(CH3COO)2(H2O)]n  to 




Most of the photochemical [2+2] cycloaddition reactions in solid state deal 
with the alignment of a pair of olefinic bonds in a discrete and serial fashion.
37-50
 
Investigations on the alignment of more than two double bonds in a parallel manner is 
still in its infancy.
51
 This might be due to the inherent complications during 
photodimerization reactions, difficulty in isolating 100% photodimerized product and 
the probable loss of single crystallinity during the reaction. To the best of our 
knowledge, the photoreactivity has not been investigated in solids containing more 
than a pair of aligned double bonds in criss-cross orientation. 
  Co-crystallization of the trifunctional clip, tricarballylic acid (tca) with bpe 
resulted in a 1D hydrogen bonded tapes, 21 (bpe·tca) in which three bpe molecules 
are aligned in parallel (as shown in Figure 1-12) with C=C distance of 3.82 Å and 




Figure 1-10. Packing pattern of the 1D hydrogen bonded tape. 
 
  It has been reported that UV irradiation of the co-crystals resulted in 90% 
photodimerized product. In a three-layer arrangement of bpe where two thirds of the 
bpe can only undergo photodimerization, the observed percentage conversion is 
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surprisingly much greater than expected. The SCSC conversion was not observed and 
suggests that the 90% photodimerization can only be achieved through reactions with 
the neighboring hydrogen-bonded tapes. A detailed analysis of the packing revealed 
that the C=C bonds from the adjacent tapes are indeed closer to one another with 
an inter-tape distance of 3.59 Å. Sliding motion of these molecules can be 
accounted for the observed high yield. 
 
1.2.2 Topochemically Defective System 
Cohen introduced “reaction cavity model” which was the initial exceptions in 
topochemical postulates which defines the reaction cavity as the space occupied by 
the molecules in the crystal.
52
 Contrary to minimum molecular movement, change in 
molecular shape and position are possible during the course of reaction, as long as the 
pressure exerted on the reaction cavity walls is not too high. Ramamurthy and 
Venkatesan highlighted the deviation of topochemical postulate quite long ago.
53
  
Although most of the solid state reactions follow topochemical principle by 
maintaining the symmetry of monomers in the crystal lattice with small changes in 
dimension, some of the systems where they satisfy the Schmidt’s criterion did not 
undergo photodimerization.
53-54 
Such reactions that require large molecular motion of 
atoms in the solid-state lattices are increasingly being discovered.
54a  
Kaupp 
highlighted the use of atomic force microscopy (AFM) and scanning near-field optical 
microscopy (SNOM) to detect such large molecular motion in crystal lattice.
54
 This 
technique unraveled the concept of phase rebuilding mechanism in several 
nontopotactical photodimerization reactions or the reactions that required large 
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 The molecular motion can be induced by external forces such as light 
irradiation or mechanical motion in the crystal lattice. For example, large pedal 
motion of double bonds (Figure 1-13) in crystal lattice prior to dimerization
55-56
 and 
mechanically induced molecular migrations have been detected in the crystal lattice 
by AFM techniques.
57
 Anisotropic molecular migration has been observed within the 
crystal during the reaction to remove the internal-pressure formed by the change in 
molecular shape. Further, E/Z isomerization of organic crystals shows large motion 
by internal rotation upon excitation on light irradiation.
58
 Presence of empty channel 
or large void volume with loosely packed crystals with normally weak hydrogen 
bonds able to promote molecular movement in solid state. The molecules are able to 
migrate easily along each other if they are not interlocked inside the crystal packing. 
  
1.3 The Chemistry of Tetrapyridyl Cyclobutane 
Because of this inherent reactivity of cyclobutane ring, it is an important 
component of organic synthesis in ease of the ring formation and opening and the 
starting material for many cyclic and acyclic systems.
59-60
 These wide ranges of 
applications pursued the chemists to make regioselective cyclobutane derivatives in 
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gram quantities. Selective synthesis of cyclobutane derivatives is undoubtedly one of 
the major subjects of interest for decades. It may be attributed to the fact that the 
cyclobutane derivatives find wide range of ways in producing complex molecules as 
well as important structural units in biologically important compounds.
60
 Regio and 
stereo selective synthesis of cyclobutane derivatives has a long term history and one 
of the key issues in organic photochemistry.
8, 36, 53
 Since the pioneer work of 
Schmidt,
8
 much effort has been directed towards to gain the control over the 
dimerization reaction of alkenes in the solid state. Such assembly of olefins offers a 
unique possibility of regio-controlled access to single cyclobutane isomers in 
quantitative yields. However controlling the crystal packing modes is still a complex 
issue; hence limited applicability in chiral synthesis of substituted cyclobutane 
products.
61 
Based on their stereochemistry, the dimer, tetrakis(4-pyridyl)cyclobutane 
(tpcb) of bpe can have four possible regio-isomers, rctt, rtct, rcct and rccc as shown in 
Scheme 1-6. 
 
Figure 1-12. Pictorial representation of the possible regio isomers of tpcb. 
 
 The rctt-tpcb isomer has been isolated in majority of cases therefore it experienced 
limitations in regioselective synthesis of other cyclobutane isomers viz., anti-dimer 
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(rtct-tpcb) as the reaction always produces the most favored and topochemically 
controlled product, rctt-tpcb. The olefinic double bonds of bpe successfully aligned 
under topochemical principle produces rctt-tpcb quantitatively in the solid-state. On 
the other hand, an efficient synthesis of rtct-tpcb in large quantity has been eluded so 
far. Nevertheless, since 1980, it is found that there is no report on stereospecific 
formation of dimer rtct-tpcb since most of the efforts ended up with formation of dimer 




1.4 Aim and Scope of the Dissertation  
The research presented in this dissertation explores the scope of constructing 
Co(II), Zn(II) and Pb(II) metal coordination polymers and hydrogen-bonded 
complexes of bpe.  The current study will be focused on (i) synthesizing coordination 
polymers with various topologies and (ii) orienting the olefinic C=C bonds (parallel 
and < 4.2 Å) for photodimerization reaction in the solid-state. From the perspective of 
material chemistry, the dissertation will address the ability of bpe in forming wide 
range of coordination polymeric materials with interesting topologies with anionic 
monocarboxylate and nitrate ligands. In addition to that, an effort will be made to 
orient the C=C bonds in few coordination polymers. The photoreactivity of 
coordination polymeric crystals will be described based on the topochemical 
postulate. In particular, understanding the solid-state photoreactivity due to 
mechanical grinding, molecular movements and the validity of topochemical 
postulates will be demonstrated while investigating the photoreactivity of C=C bonds 
in the hydrogen-bonded metal complexes. In this way, topochemical photoreaction in 
more than a pair of olefinic C=C bonds will be illustrated.  
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From the perspective of solid-state organic synthesis, regio- and 
stereoselectivity tetrapyridyl cyclobutane synthesis will be investigated. The acid 
catalyzed isomerization reaction will be attempted for stereospecific synthesis of rare 
tetrapyridyl cyclobutane isomer for the first time. The utility of tetracyclobutane 
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Despite its importance in photovoltaic conversion, organic light-emitting 
diodes, electroluminescence and fluorescent sensors, less attention has been paid to 
the construction of coordination polymers using the metal centers of p-block metal 
ions. Most of the research is focused on the synthesis of frameworks using s, d or f-
block metals.
1-2 
Of these, lead(II) coordination polymeric frameworks inspired 
chemists because of the following reasons. (1) Lead(II) has the ability to form diverse 
framework structures with interesting and rare topologies due to variable coordination 
geometries (2 to 10) with large ionic radius (1.20 Å).
3 
The supramolecular structures 
contains Pb(II) metal atoms has been reviewed recently.
4
 (2) It is the unique 
coordination preference and electronic intrinsic properties such as the presence of 6s
2
 
lone pair on the outer electronic configuration that arouse immense interest in 
coordination chemistry, photophysics and photochemistry.
5 
Lead(II) coordination 





 (3) It has the ability in forming multidimensional 





lone pair of electrons can be either stereochemically active or inactive 
in Pb(II) compounds.  Shimoni-Livny et al. investigated the role of the lone pair on 
the coordination geometry of the Pb(II) ion.
9
 The authors had described the metal 
geometries based on the disposition of the ligands around the metal atom as (1) 
“holodirected, in which the bonds to ligand atoms are directed throughout the surface 
of an encompassing globe” and (2) “hemidirected, in which the bonds to ligand atoms 
are directed throughout only part of the globe, that is, there is an identifiable void (or 
gap) in the distribution of bonds to the ligands” (Scheme 2-1). These studies provide 
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a valuable insight to the effect of stereochemically active lone pair in Pb(II) 
complexes having low coordination number, their binding sites to biologically 




Scheme 2-1. (a) Holodirected and (b) hemidirected coordination geometry.
9
  
1D coordination polymers containing transition metal ions showed quite 
interesting structural and chemical features. However the presence of unique lone pair 
on the Pb(II) metal center enhances the structural features of 1D coordination 
polymers. The molecular 1D coordination polymers having the structural features like 
interwoven and triple-stranded ladders are not common in crystal engineering. 
This chapter describes the structural features and structural transformation of 
the compounds which were obtained from the reaction of Pb(II)acetate and/or 
trifluoroacetate with bpe. A series of Pb(II) coordination polymers namely, [Pb(μ-
bpe)(O2CCH3)2]·H2O (1), [Pb(μ-bpe)(O2CCH3)(O2CCF3)] (2), [Pb3(μ-bpe)3(μ-
O2CCF3)2(μ-O2CCH3)2(O2CCF3)2] (3), [Pb(μ-bpe)(μ-O2CCH3)(O2CCF3)]·bpe (4), and 
[Pb(μ-bpe)(μ-O2CCF3)2] (5) and a Zwitterionic complex [Pb(bpeH)2(O2CCF3)4] (6) 
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have been synthesized. All the coordination polymers show interesting structures of 
which three 1D coordination polymers have Pb···π pyridyl interactions leading to 
ladder-like structure (1), a molecular fabric or “warp and weft” like interwoven 
structure formed by spiral 1D coordination polymeric chains (2), a triple-stranded 
ladder coordination polymer (3), a 2D sheet-like structure (4), and 3D coordination 
polymer containing a sra topology (5). 
Although solid-state structural transformations of coordination polymers 
induced by light, heat and small molecules have shown great interest and well studied, 
there are limited examples exhibiting structural transformation through a 
dissolution/recrystallization process.
11
 Rao and co-workers reported several 
interesting transformation of low-dimensional zinc phosphates to complex open-
framework structures on heating in water with or without added amines.
12 
  Lu and co-
workers also reported several dissolution/reorganization towards the structural 
rearrangement of 3D coordination polymers  in aqueous lithium chloride or sodium 
chloride solutions.
13
 The structural transformations from 3 to 4 and from 4 to 1 have 
been observed in solution through dissolution/recrystallization process. 
The solid-state structures have been analyzed for their photoreactivity between 
the olefinic C=C bonds in bpe using the topochemical criteria. The olefinic C=C 
bonds of bpe have been found to orient in parallel fashion in 3 and 6, while criss-cross 
orientations observed in 4. The solid-state photochemical [2+2] cycloaddition of 
olefinic C=C bond in 3 and 6 are described in chapter 4. However the compound 4 is 
photostable due to restricted movements of the double bonds in the solid-state.  
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2.2 Result and Discussion 
2.2.1 Reactivity of Pb(II) Metal ion Towards bpe Spacer Ligand  
As shown in Scheme 2-2 when Pb(II) acetate was reacted with bpe ligand in 
an equimolar ratio affords [Pb(μ-bpe)(O2CCH3)2]·H2O (1). When one of the acetate is 
replaced by trifluoroacetate produces [Pb(μ-bpe)(O2CCH3)(O2CCF3)] (2) as shown in 
Scheme 2-3 i.e. Pb(O2CCH3)2·3H2O, bpe and HTFA in a molar ratio of 1:1:0.5.  
 
Scheme 2-2. The scheme represents the formation of 1 and 5. 
 
Scheme 2-3. The scheme represents the structural transformation of 3 to 4 in solution 
(red line) and the formation of 6. 
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Colorless rod-like crystals of 2 were obtained after slow evaporation of clear 
DMF solution in one day. While increasing the ratio of HTFA from 0.5 to 1.3 
produces colorless long rod-like crystals of [Pb3(μ-bpe)3(μ-O2CCF3)2(μ-
O2CCH3)2(O2CCF3)2] (3) after two days. An instant mixing of the components in 
molar ratio 1:1:1.3 also produced 2 and hence 3 can be synthesized only by slow 
evaporation method. It appears that 2 is kinetically more favored than 3.
14
 As shown 
in Scheme 2-3, the compound 3 undergoes structural transformation in DMF solution 
to give [Pb(μ-bpe)(μ-O2CCH3)(O2CCF3)]·bpe (4) through dissolution/recrystallization 
process. Cubic crystals of 4 were formed along with rod-like crystals of 3 after three 
weeks and they were hand-picked under microscope and characterized. When the 
DMF solution was left undisturbed, the crystals of 2 were isolated after a week as 
confirmed by XRPD. As shown in Figure 2-1c, the XRPD pattern for the product 
obtained after four weeks exactly matched with the compound 2. 
Further, the reactivity of Pb(O2CCF3)2 towards bpe ligands has also been 
investigated in equimolar ratio and found to yield 5. While colorless block-like 
crystals of zwitter-ionic coordination complex 6 were obtained by diffusion method 
from Pb(O2CCF3)2, bpe and HTFA in a molar ratio of 1: 2: 4. The bulk product of 6 
was obtained in good yield by mixing bpe with Pb(O2CCH3)2·3H2O and HTFA in 
methanol/CH3CN (1:1 v/v). The XRPD pattern of the bulk product is shown in Figure 
2-2. The compound 6 is formed comparatively low yield even in the molar ratio of 
1:1:1.3 or 1:1:1 due to the protonation of pyridyl ring in bpe occurs rapidly with 
relatively higher HTFA acidity in methanol/CH3CN. 




Figure 2-1. XRPD patterns of (a) simulated from 3 single crystal data (b) simulated 
from 4 crystal structure (c) 2 obtained as bulk product after four weeks (c) simulated 
from 2 crystal data. 
 
 
Figure 2-2. XRPD patterns of (a) simulated from 6 crystal structure (a) bulk product 
of 6 synthesized in methanol / CH3CN. 
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2.2.2 Crystal Structures of 1-6 
The compounds 1-5 contain [Pb(bpe)]
2+
 cations and the compounds 2 and 5 
have structural similarities. The monocarboxylates are coordinated via either chelating 
or bridging mode in most of the compounds. The observed Pb-N and Pb-O bond 
length are comparable with reported values. A CSD search on Pb-N bond length in 
bipyridyl Pb(II) compounds reveals that the bond length fall in the range of 2.42-2.96 
Å (sum of the van der Waals radii: 3.5 Å).
 
For the majority of compounds the Pb-
O(acetate) bond lengths fall in the range of 2.32-2.95 Å (mean: 2.61 Å, sum of the 
van der Waals radii: 3.5 Å). Although the bonding interactions close to but less the 
than van der Waals radii are observed in some reported compounds, they are 
considered as weak interactions due to the poor overlapping inferred from the bond 
angle variations. Detailed structural descriptions of the compounds are given in the 
following sections. A summary of the crystallographic data is given in Table 2-10 
under the Section 2.4.5. 
 
2.2.2.1 Double-Stranded Coordination Polymeric Structure of [Pb(μ-
bpe)(O2CCH3)2]·H2O (1) 
As shown in Figure 2-3, the asymmetric unit contains the basic building block 
of the coordination polymer 1 with a water molecule present inside the crystal lattice. 
The bond distances and angles displayed in the Table 2-1. The Pb1 displays a hemi-
directed distorted octahedral geometry with PbO4N2 core and the Pb1 is strongly 
coordinated to nitrogen atoms of bpe ligand [Pb(1)-N(1) 2.785(3) Å and Pb(1)-N(2) 
2.684(3) Å] and chelates to four oxygen atoms of two acetate ligands. There are three 
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shorter [Pb(1)-O(1) 2.541(3); Pb(1)-O(2) 2.422(3); Pb(1)-O(3) 2.287(3) Å] and one 
relatively longer [Pb(1)-O(4) 2.773(3)] Pb-O bonds.  
 
Figure 2-3. A view of the asymmetric unit in 1. 
 






 2.684(3) O(2)-Pb(1)-N(1)     120.9 (9) 
Pb(2)-O(1) 2.541(3) O(2)-Pb(1)-O(3)   82.2(1) 
Pb(2)-O(2) 2.422(3) O(3)-Pb(1)-N(1) 86.6(9) 




O(1)-Pb(1)-N(1)    70.8(9) O(3)-Pb(1)-O(2) 82.2(9) 
O(1)-Pb(1)-N(2)
a
  127.2(1) O(4)-Pb(1)-N(1) 79.2(9) 
O(1)-Pb(1)-O(4)  133.7(1) O(4)-Pb(1)-N(2)  82.1(9) 
O(2)-Pb(1)-O(1)    52.2(9) N(1)-Pb(1)- N(2)
a
 160.5 (1) 
O(2)-Pb(1)-O(4)  129.2(9)   
Symmetry transformations used to generate equivalent atoms: a = x-1/2, y+1/2,z+1/2 
 
 
As shown in Figure 2-4, 1D coordination polymeric chains are running 
perpendicular to b-axis. Interestingly, the adjacent 1D polymers are interacting 
through Pb···π bonds between the Pb1 and the pyridyl rings of bpe ligands in η6 mode 
as shown in Figure 2-4. The inter-molecular metal-ring bond distances and angles (X - 
I···J > 100°) of the Pb···π pyridyl interaction is listed in Table 2-2. Lone-pair···π 
interaction is considered as one of the supramolecular synthon in crystal engineering
15 
and is current interest due to the stabilized lone-pair···π intermolecular interactions in 





 The Pb1 interacts with nitrogen atom and five carbon atoms in the 
pyridyl ring. Although most of the distances fall below the sum of the van der Waals 
radii (Pb-N: 3.57 Å and Pb-C 3.72 Å), the Pb-C fall in the range of 3.8 Å but still 
considered as weak Pb···C interaction.   
 
 




Table 2-2. Inter-molecular metal-ring contacts (Å) and bond angles (º) in 1. 
Pb(1)-N(1)   3.465(3) N(1)-Pb(1)-C(15) 148.6(9) 
Pb(1)-C(1)   3.593(4) C(2)-Pb(1)-O(2) 100.8(9) 
Pb(2)-C(2) 3.737(4) C(2)-Pb(1)-O(3) 150.2(9) 
Pb(2)-C(3) 3.723(4) C(2)-Pb(1)-O(4) 111.3(8) 
Pb(1)-C(4) 3.502(4) C(2)-Pb(1)-N(1) 115.5(8) 
Pb(1)-C(5) 3.388(4) C(2)-Pb(1)-C(13) 107.1(1) 
N(1)-Pb(1)-O(2)    105.3(8) C(3)-Pb(1)-O(3) 145.8(8) 
N(1)-Pb(1)-O(3)    168.1(8) C(3)-Pb(1)-O(4) 127.7(8) 
N(1)-Pb(1)-N(4)    124.5(8) C(3)-Pb(1)-N(1) 127.6(8) 
C(1)-Pb(1)-O(1)    106.4(1) C(3)-Pb(1)-C(15) 142.6(9) 
C(1)-Pb(1)-O(2)    113.6 (9) C(4)-Pb(1)-O(3) 150.1(9) 
C(1)-Pb(1)-O(3)    160.4 (1) C(4)-Pb(1)-O(4) 149.2(9) 
C(1)-Pb(1)-O(4)    110.2(9) C(4)-Pb(1)-N(1) 114.9(8) 
C(1)-Pb(1)-C(13)    110.6(1) C(4)-Pb(1)-C(15) 162.5(9) 
C(5)-Pb(1)-O(4)    146.8(9) C(5)-Pb(1)-O(3) 161.5(1) 
C(2)-Pb(1)-O(1)    113.2(1)   
Symmetry transformation used to generate equivalent atoms: 1/2-x,1/2-y,1-z 
 
  A survey of lead structures containing Pb···π aryl interaction conducted 
recently.
17
 This shows that the interaction found in the crystal structures arises due to 
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the lead-bound lone pair electrons donation to the LUMO of the accepting aryl ring. 
The survey has conducted by a CSD search using the following restrictions (Scheme 
2-4) (i) the distance between the centroid of the aryl ring and the lead centre (d) be 
equal to or less than 4.0 Å, and (ii) the angle, α defined by the vector perpendicular to 
the aryl ring (V1) and the vector passing through the centroid to the lead atom (V2), 










Scheme 2-4. A schematic representation of geometric parameters defining the 
intermolecular Pb···π interactions. 17 
 
 
The average distance d is 3.46 Å found in reported Pb(II) compounds and the 
d range from a short 2.78 Å to a long 3.83 Å.
17
 There is only one example found in 
which a ladder is formed by linking two polymeric strands via Pb···π aryl contacts.18 
Although Pb···π aryl interaction is known but it is rarely observed. A similar CSD 
search
19
 was conducted using the above criteria on Pb···π pyridyl interaction. There is 
only three examples containing potential Pb···π pyridyl interaction containing  
phenanthryl 
20
 and naphthalene rings.
21
 The third found an intramolecular Pb···π 
pyridyl interaction between a pyridyl ring and Pb(II) metal atom in a metal complex.
22
 
This is the only example known in a coordination complex containing intramolecular 
η6 Pb···π interactions with  pyridyl ring. However, Pb···π pyridyl interaction remains 
unknown in coordination polymers.  
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The perpendicular distance (d) between the centroid of the pyridyl ring and the 
Pb(II) centre in 1 is equal to 3.263 Å (i.e. < 4 Å and 1/2-x, 1/2-y, 1-z) and the angle α is 
20°. Here this considerable intermolecular Pb···π pyridyl interaction is expected due to 
the lone pair of electrons donation to the LUMO of the pyridyl ring supported by the 
bond angles observed around the metal geometry and bond angles between the pyridyl 
rings and Pb(II) metal centers. The spacial distribution of the ligands around the 
highly distorted metal geometry indicates an identifiable void (or gap) in the 
distribution of bonds to the ligands represent the active lone pair at Pb(II) metal 
center. The lone pair is mostly situated in the trans position to the very short Pb(1)-
O(3) bond. The lone pair / bond pair repulsion results in comparatively long Pb(1)-
O(4) bond distance. The bond angles distortion in O(1)-Pb(1)-O(4) 133.70(11)°, O(2)-
Pb(1)-O(4) 129.20(9)°, N(1)-Pb(1)-N(2)
a
 160.5(1)° around the metal geometry also 
supports the presence of an active lone pair. The Pb···π aryl interaction acts as a 
supramolecular synthon to furnish zero-dimensional aggregates, 1D linear chains, 2D 
arrays and 3D networks.
17
 Here in 1, the Pb···π pyridyl interaction results in the 
aggregation of 1D coordination polymers to double stranded structure.  
 
2.2.2.2 Fabric –Like Interwoven Structure of [Pb(μ-bpe)(O2CCH3)(O2CCF3)] (2) 
The interwoven
23
 structures assembled from 1D coordination polymers show 
quiet interesting structural features and attracted due to their fascinating properties.
24
 
Many of these 1D coordination polymeric structures can be classified as normal 2D 
sheets since it is not possible, in principle, to remove individual strands without 
breaking the bonds within the networks and hence they have been separately studied 
as entangled nets and such fabric structures are rarely reported. Hence construction of 
such entangled networks from single coordination polymer chains is still a challenge 
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in crystal engineering. Although a few interwoven structures have been reported in 
the literature, only two structures are known as warp and woof like sheets formed 
from 1D zig-zag coordination polymer strands.
25-26 
Ciani and coworkers have 
described a „warp and woof‟ sheets which represent the first „one-over/one under‟ 
(1O/1U) interwoven network of 1D coordination polymer strands.
25
 A Hg(II) 
containing 1D coordination polymer reported the first „two-over/two under‟ (2O/2U) 
2D weave structure formed from 1D zig-zag polymer chains passing through 
perpendicular fashion.
26 
This literature has revived our interest in fabric-like 
interwoven coordination polymers. Here, compound 2 forms a “warp and weft” like 
interwoven fabric structure formed by spiral 1D coordination polymeric chains. 
The asymmetric unit of the basic building block of 2 is shown in Figure 2-5. 
Selected bond distances and angles in 2 are listed in Table 2-3. The hemi-directed 
Pb(II) metal center is strongly coordinated to the nitrogen atoms of the two bpe 
ligands [Pb(1)–N(1) 2.648(7) Å and Pb(1)–N(2) 2.458(6) Å] and chelates to an 
acetate anion [Pb(1)–O(1) 2.704(6) Å and Pb(1)–O(2) 2.367(6) Å] and an oxygen 
atom of the CF3CO2
−
 ligand [Pb(1)–O(3) 2.583(6) Å]. The crystallographic inversion 
center and glide plane present at the centers of the carbon–carbon double bonds of the 
bpe ligand generate spiral 1D coordination polymers, as shown in Figure 2-6. All the 
strands are laid approximately along the b-axis. The spacial distribution of the ligands 
around the highly distorted metal geometry indicates an identifiable void (or gap), that 
is the presence an active lone pair. The lone pair interacts with two carbon atoms in 
the pyridine rings of the adjacent stands through a η2 Pb···π pyridyl interaction 
[Pb(1)···C(4) 3.614(8) Å; Pb(1)···C(5) 3.557(8) Å and symmetric code: 1/2-x,y,1/2+z]
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Figure 2-5. A view of the asymmetric unit in 2. Disordered F atoms are not shown. 
 
Table 2-3. Selected bond lengths (Å) and bond angles (°) in 2. 
Pb(1)–N(1) 2.648(7) O(2)–Pb(1)–N(1) 83.6(2) 
Pb(1)–N(2) 2.458(6) N(1)–Pb(1)–N(2) 83.4(2) 
Pb(1)–O(1) 2.704(6) O(3)–Pb(1)–N(1)          156.4(2) 
Pb(1)–O(2) 2.367(6) O(2)–Pb(1)–O(1) 50.8(2) 
Pb(1)–O(3) 2.583(6) N(2)–Pb(1)–O(1)          127.1(2) 
Pb(1)–O(4)a 2.835(7) O(2)–Pb(1)–N(1)            83.6(2) 
O(2)–Pb(1)–O(3)          81.2(2) O(3)–Pb(1)–O(1)          104.6(2) 
N(2)–Pb(1)–O(3)          75.8(2) N(1)–Pb(1)–O(1) 79.1(2) 
O(2)–Pb(1)–N(2)          78.0(2) O(1)–Pb(1)–O(3)          104.6(2) 
O(1)–Pb(1)–O(2)          50.8(2) O(2)–Pb(1)–N(2) 78.0(2) 
O(1)–Pb(1)–N(1)          79.1(2) O(3)–Pb(1)–N(1)          156.4(2) 
O(1)–Pb(1)–N(2)        127.1(2) O(3)–Pb(1)–N(2) 75.8(2) 
O(1)–Pb(1)–O(4)a        150.5(2) N(1)–Pb(1)–O(4)a 80.7(2) 
Symmetry transformations used to generate equivalent atoms: a =  1/2-x,y,-1/2+z 
 
 
Figure 2-6. A perspective view of the 1D coordination polymeric strand formed by 2. 
C-H hydrogen atoms are omitted for clarity. 
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The spiral chains are running approximately in parallel but crossing over the 
C=C bond in perpendicular directions, as shown in Figure 2-7a and Figure 2-7b. In 2, 
each [Pb(bpe)]n
2n+
 strand crosses one over the next in almost parallel ABAB 
sequence, as shown in Scheme 2-5. The center of the double bonds in the bpe ligand 
containing the N2 atom is at the center of inversion, and hence, these bpe ligands in 
the crystal are interlaced. On the other hand, the other bpe ligands are aligned parallel 
when viewed from the b-axis, as shown in Figure 2-7a. The bond angle between the 
metal and long-spacer ligands, i.e., N1–Pb1–N2 angle, 83.4(2)°, contributes to the 
formation of interwoven structures, as shown in Figure 2-7a and Figure 2-7b. 
From all of these structures reported in the literature, it is clear that the 
presence of directional weak interactions is essential between the polymeric strands to 
form the “warp and weft” cloth structure. In 2, all of the polymeric strands are laid 
one over the other alternately, which leads to ABAB-type entanglement in the bc-
plane, as shown in Scheme 2-5. The shortest distance between the centers of the 
adjacent interlaced C=C bond is 5.62 Å. 
There exists a weak bonding interaction between Pb(II) and oxygen of the 
neighboring monodentate CF3CO2
−
 anion [Pb(1)–O(4) 2.835 Å] between the 
interlaced coordination polymeric strands in 2. If we include this interaction, the 
topology of 2 can be described as a 3D network, having sra topology. The topology 
of this net is exactly similar to 5 which is explained in detail in the structural 
description of 5.  
 
 







Figure 2-7. Space-filling models showing the interlacing in 2, looking down from (a) 
the b-axis and (b) the a-axis. 
  
(a) (b) 
Scheme 2-5. (a) A schematic diagram showing the details of interweaving pattern of 
the spiral coordination polymeric strands in 2. The bend in the strands is due to the 
acute N1–Pb1–N2 angle. (b) Spiral coordination strands are straightened in this 
diagram to show the simplified interweaving pattern. 
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2.2.2.3 Triple-Stranded Coordination Polymeric Structure of [Pb3(μ-bpe)3(μ-
O2CCF3)2(μ-O2CCH3)2(O2CCF3)2] (3) 













ladders based on their metal connectivity 
with ligands in rails and rungs. Although these simple ladder-like CPs are well-
known, three-legged i.e., triple-stranded 1D ladder topology is still uncommon.
34-35
 In 
all the triple-stranded coordination polymers reported so far, the rungs have been 
mainly occupied by the carboxylate groups. Gao et al reported the first example, 
[Zn3(μ-O2CCH3)4(4,4'-bpy)3{N(CN)2}2], where 4,4'-bipyridine (4,4‟-bpy) was used 
as the rail in the ladder.
34
 Two identical triple-stranded coordination polymers 
[Zn3(4,4'-bpy)3(μ-O2CCH3)4(H2O)2] (X)2·H2O) were also reported with two different 
anions.
35
 Ladder coordination polymers are some of the most suitable structures to 
bpe molecules in infinite pairs for [2+2] cycloaddition reactions.
28
 The isolated 
compound 3 is a triple-stranded coordination polymer where three bpe ligands are 
aligned parallel, suitable for [2+2] cycloaddition reaction. 
A portion of 3 has shown in Figure 2-8 and selected bond distances and angles 
are given in Table 2-4. X-ray crystallography reveals that 3 is a linear coordination 
polymer comprised of three [Pb(bpe)]n chains joined by CH3CO2ˉ and  CF3CO2ˉ 
ligands forming ribbon-like topology.  




Figure 2-8. (a) A perspective view of coordination geometry at the metal centre in 3. 
The C-H hydrogen atoms of pyridyl rings, disordered fluorine atoms are not shown 
for clarity. 
 
In the asymmetric unit, there are two crystallographically independent Pb(II) 
metal centers present in the three infinite linear strands of [Pb(bpe)]n. These strands 
are bridged by two CF3CO2
-
 and two acetate ligands to make a molecular triple 
ribbon-like or triple-stranded linear 1D ladder-like coordination polymer (Figure 2-9). 
 
 
Figure 2-9. 1D triply-stranded ladder running along [10-1]. The C-H hydrogen atoms 
of pyridyl rings, disordered fluorine atoms are not shown for clarity. 
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Table 2-4. Selected bond lengths (Å) and bond angles (°) in 3. 
Pb(1)–N(1) 2.661(6) O(3)-Pb(2)-O(4)b 135.8(3) 
Pb(1)–N(2)a 2.635(6) O(5)-Pb(1)-O(1)   79.7(2) 
Pb(2)–N(3) 2.631(8) O(6)-Pb(1)-O(1) 125.3(2) 
Pb(2)–N(3)b 2.631(8) N(2)a-Pb(1)-O(1)   74.5(2) 
Pb(1)–O(1) 2.669(6) N(1)-Pb(1)-O(1) 122.1(2) 
Pb(1)–O(2) 2.705(6) O(5)-Pb(1)-O(2)   73.0(2) 
Pb(1)
 b–O(4) 2.705(7) O(6)-Pb(1)-O(2) 121.9(2) 
Pb(1)–O(5) 2.340(6) N(2)a-Pb(1)-O(2) 120.4(2) 
Pb(1)–O(6) 2.574(6) N(1)-Pb(1)-O(2)   73.7(2) 
Pb(2)–O(3)b 2.626(1) O(1)-Pb(1)-O(2)   48.7(2) 
Pb(2)–O(4) 2.726(8) O(5)-Pb(1)-O(4)b 118.9(2) 






















   74.0(2) O(2)-Pb(1)-O(4)
b
 151.0(3) 
O(5)-Pb(1)-N(1)   88.6(2) O(6)-Pb(2)-N(3) 87.0(3) 
















































-Pb(2)-O(4)   78.9(4)   
Symmetry transformations used to generate equivalent atoms: 
a = x,y+1,z-1    b = -x+2,-y+1,-z+1 
 
Of these, Pb1 present in the terminal strand has highly distorted hemidirected 
heptacoordinate geometry and Pb2 in the middle strand adopts holodirected hexa-
gonal-bipyramidal geometry. Crystallographic inversion centers present at Pb2 and at 
the center of the C=C double bond of the middle strand generates triple-stranded 
ribbon-like 1D coordination polymer. In this polymer, Pb1 and Pb2 are strongly 
coordinated to two pyridyl nitrogen atoms of bpe occupying the axial positions 
[Pb(1)-N(1) 2.661(6) Å; Pb(1)-N(2) 2.635(6) Å and Pb(2)-N(3) 2.631(8) Å]. The 
oxygen atoms of the terminal CF3CO2ˉ ligands are coordinated to Pb1 in chelating 
      Chapter 2 
55 
 
mode [Pb(1)-O(1) 2.669(6) Å and Pb(1)-O(2) 2.705(6) Å]. The infinite 
[Pb(O2CCF3)(bpe)]n chains are bridged by two trifluoroacetate ligands [Pb(1)-O(4) 
2.705(7) Å; Pb(2)-O(4) 2.726(8) Å and Pb(2)-O(3) 2.626(15) Å] and the two acetate 
ligands [Pb(1)-O(5) 2.340(6) Å; Pb(1)-O(6) 2.574(6) Å and Pb(2)-O(6) 2.629(6) Å] 
both in η1,3 mode, as shown in Figure 2-8.  In the previous example reported by Gao 
and coworkers, CH3CO2ˉ ligands acts as rungs between the three Zn(II) atoms in η
1,1
 
and η1,3 mode respectively.34 However in 3, the large Pb(II) metal ions are located at 
the cross-point of the rungs and rails and the rungs, CH3CO2ˉ and CF3CO2ˉ 
coordinated in η1,3 mode.  
The Pb2 metal centre adopts perfect holodirected hexagonal-bipyramidal 
reflected from four trans angles close to 180º [O(3)–Pb(2)–O(3)a 179.9(2)º; O(6)b–
Pb(2)–O(6) 179.9(2)º; N(3)–Pb(2)–N(3)b 180.0(1)º and O(4)–Pb(2)–O(4)b 179.9(2)º] 
in three equatorial and one axial positions. However Pb1 metal centre is  hemidirected  
heptacoordinate geometry with trans angle, N(2)
a–Pb(1)–N(1) 159.1(2)º for 
coordinated pyridyne rings in axial, O(1)–Pb(1)–O(4) 153(3)º and O(2)–Pb(1)–O(4A) 
151(3)º for bridged and chelate CF3CO2ˉ ligands in equatorial positions.  In 
comparison to the reported triple-stranded coordination polymers, 
21-22
 the metal 
center in 3 adopts a smaller in the bite angle N–Pb–N (159 ), but sustained the 
structure by strong Pb–L bonds in the distances of 2.661(6) – 2.635(6) Å.  




Figure 2-10. Two triple-stranded 1D CPs running in parallel fashion with minimum 
centroid-distances (d2) of the C=C double bonds between the adjacent 1D ladder is 
7.614Å. The hydrogen atoms and fluorine atoms have been omitted for clarity in 3. 
 
The three bpe ligands in the adjacent strands are aligned parallel with a 
distance (d1) of 3.93 Å between the center of the C=C double bonds. These 
alignments are reinforced by the π···π interactions between the pyridyl rings (3.91 Å). 
The triple-stranded 1D ladder coordination polymers are running along b-axis as 
shown in Figure 2-10 with a minimum nonbonded Pb-Pb distance of 7.046 Å between 
the interstrands. This infers that the bpe ligands in the adjacent 1D ladder are aligned 
in parallel but slip stacked with a centroid distance (d2) of 7.614 Å between the C=C 
double bonds of bpe in the adjacent 1D ladders, as shown in Figure 2-10, which are 




2.2.2.4 Two-Dimensional Polymeric Structure of [Pb(μ-bpe)(μ-
O2CCH3)(O2CCF3)]·bpe (4) 
Coordination geometry of Pb(II) metal center in 4 is shown in Figure. 2-11, 
and selected bond lengths and angles are listed in Table 2-5. 4 consists of infinite 2D 
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layer of [Pb(O2CCH3)(bpe)]n via bridging of acetate ligands.  A highly distorted 
hexagonal-bipyramidal Pb(II) metal geometry has observed by considering only the 
short-range atomic interactions. Six oxygen atoms are situated at the equatorial 
positions and two nitrogen atoms are at the epical positions in the PbO6N2 core. 
 
 
Figure 2-11. Coordination geometry of Pb(II) metal center in 4. 
 
Table 2-5. Selected bond lengths (Å) and bond angles (°) in 4. 
Pb(1)–N(1)   2.554(5) O(4)e-Pb(1)-N(2)f 71.9(2) 
Pb(1)–N(2)f  2.896(6) O(3)-Pb(1)-N(1) 76.8(2) 
Pb(1)-O(1) 2.616(6) O(3)-Pb(1)-O(2) 88.1(7) 
Pb(1)-O(2) 2.960(3) O(3)-Pb(1)-O(4)
b
         159.5(1) 
Pb(1)-O(3) 2.508(4) O(3)-Pb(1)-O(3)
e

















N(1)-Pb(1)-N(2)   144.1(2) N(1)-Pb(1)-O(3)
e
 81.9(2) 
O(1)-Pb(1)-O(2)     44.4(8) N(1)-Pb(1)-O(4)
e
 80.3(2) 
O(1)-Pb(1)-O(3)     82.2(1) O(2)-Pb(1)-O(4)
b
 89.4(7) 
O(1)-Pb(1)-N(1)     78.7(2) O(2)-Pb(1)-O(3)
e
         147.5(8) 
O(1)-Pb(1)-O(4)
b
     81.8(1) O(2)-Pb(1)-O(4)
e
         146.4(8) 
O(1)-Pb(1)-O(3)
e










   116.5 (2) O(4)b-Pb(1)-O(4)
e
         117.8(1) 
O(4)b-Pb(1)-N(2)
f
   125.2(2)   
Symmetry transformations used to generate equivalent atoms: a = x,-1+y,z b =  
x,1+y,z, c = 3/2-x,1/2-y,1/2+z; d = 3/2-x,-1/2+y,z; e = 3/2-x,1/2+y,z; f = x,1-y,-
1/2+z 
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Although the metal atom is eight-coordinated, the distortion of metal geometry 
and the spatial distribution of the donor atoms of ligands around the metal center 
indicates that the lone pair may be active. Pb1 is unsymmetrically coordinated to the 
pyridyl nitrogen atoms of bpe ligand occupying the axial position [Pb(1)-N(1) 
2.554(5) Å and Pb(1)-N(2)
f
 2.896(6) Å]. The significant lengthening of Pb(1)-N(2)
f
 
2.896(6) Å can be explained by the poor overlap of sp
2
 lone pair of nitrogen atom 
with the valance orbitals of Pb(II). Such longer Pb-N bond lengths are quite common 




 chelates to Pb1 through oxygen 
atoms in asymmetric manner [Pb(1)-O(1) 2.616(5) Å and Pb(1)-O(2A) 2.96(3) Å]. 
Four oxygen atoms of acetate exhibit both bridging [Pb(1)-O(3) 2.508(4) and Pb(1)-
O(3)
e
 2.674(4) Å] and chelating [Pb(1)-O(4)
e
 2.618(4) and Pb(1)-O(4)
b
 2.679(4) Å] 
mode. This results in a 2D network as shown in Figure 2-12. The C=C double bonds 
between the adjacent bpe ligands in the 1D chain are oriented in criss-cross fashion 
with centroid C=C distance of 3.809 Å. Free bpe molecules are intercalated between 
the 2D layers inside the crystal lattice as shown in Figure 2-13. 
 
Figure 2-12. A view of 2D sheet-like structure in 4. Trifluoroacetate and H-atoms are 
omitted for clarity. The olefinic C=C bonds are oriented in criss-cross fashion with a 
distance of 3.809 Å. 
 







Figure 2-13. Free bpe molecules are intercalated between the 2D layers inside the 
crystal lattice in 4. Free bpe molecules are disordered. 
 
 
The intercalation of the free bpe molecules are reinforces with weak C-H···O 
hydrogen bonding interaction between the hydrogen atoms of bpe with oxygen atoms 
of coordinated trifluoroacetate ligands [d(D···A), C(2X)-H(2X)···O(2) 2.49 Å; C(5X)-
H(5X)···O(2) 2.47 Å; C(6X)-H(6X)···O(2) 2.33 Å and C(6Y)-H(6Y)···O(2) 2.43 Å]. 
 
 
2.2.2.5 Three-Dimensional Polymeric Structure of [Pb(μ-bpe)(μ-O2CCF3)2] (5) 
 A perspective view of the Pb(II) ion in 5 is shown in Figure 2-14, and selected 
bond lengths and angles are listed in Table 2-6. The metal center displays highly-
distorted hemi-directed six-coordinate geometry. Pb1 is strongly coordinated to the 
nitrogen atoms of the two bpe ligands [Pb(1)–N(1) 2.603(3) Å and Pb(1)–N(2) 
2.445(3) Å] and an oxygen atom of the CF3CO2
−
 ligand [Pb(1)–O(1) 2.611(3) Å] and 
oxygen of the neighboring monodentate CF3CO2
−
 anion [Pb(1)–O(2) 2.445(3) Å]. The 
metal center completes the geometry by chelating to CF3CO2
−
 anion [Pb(1)–O(3) 
2.405(3) Å and Pb(1)–O(4) 2.766(3) Å] in the position of acetate as seen in 2.  




Figure 2-14. A diagram showing the asymmetric unit of 5. Disordered F atoms are 
not shown. 
 
Table 2-6. Selected bond lengths (Å) and bond angles (°) in 5. 
Pb(1)-O(3)  2.405(3) O(3)-Pb(1)-N(2) 77.17(9) 
Pb(1)-N(2)  2.445(3) O(3)-Pb(1)-N(1) 83.49(1) 
Pb(1)-N(1)  2.603(3) N(1)-Pb(1)-O(2)
a
 74.61(9) 
Pb(1)-O(1)  2.611(3) O(3)-Pb(1)-O(1) 79.86(1) 
Pb(1)-O(2)
a
  2.753(3) N(2)-Pb(1)-O(1) 75.24(9) 
O(2)-Pb(1)
b









Symmetry transformations used to generate equivalent atoms:  
a = -x+1/2,y,z+1/2    b = -x+1/2,y,z-1/2     
 
 
The basic repeating unit [Pb(bpe)]
2+
 forms spiral 1D coordination polymer and 
the packing of the polymer strands furnished fabric-like structure similar to 2. 
However the connectivity by the trifluoroacetate anions makes 5 different from 2. The 
weak bonding found in 2 between the strands, that is Pb1 and oxygen of the 
neighboring monodentate CF3CO2
−
 anion [Pb1–O4 2.835 Å], becomes relatively 
strong [Pb1–O2 2.753 Å] in 5. This CF3CO2
−
 anion bridging between the polymeric 
strands makes 5 into a 3D coordination polymer.  
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Similar to 2, lone-pair interacts with two carbon atoms of the pyridyl rings 
through η2 Pb···π pyridyl interaction17 [Pb(1)···C(4) 3.580(4) Å; Pb(1)···C(5) 3.533(4) 
Å and symmetric code: x, y, -1+z]. The crystallographic inversion center and glide 
plane present at the centers of the carbon–carbon double bonds of the bpe ligand 
generate similar spiral 1D coordination polymers as found in 2. The bond angle 
between the metal and long-spacer ligands, i.e., N1–Pb1–N2 is 84.5(2)° in both the 
Pb(II) ions. Here spiral chains are interlaced, but interconnected through Pb1–O2 
bonding between Pb1 and the oxygen atom of the neighboring monodentate CF3CO2
−
 
anion. As shown in Figure 2-15a, each strand crosses one over the next in almost 
parallel ABAB (where A strand = green and B strand = red) sequence as we seen in 2, 
i.e. A interlaced over B. However B strand interconnected to A by μ2(-O-C(CF3)-O-) 
linkage i.e. -AB-(-O-C(CF3)-O)-AB- interstrand linkage Figure 2-15b. Hence the 
interlacing transforms to interpenetration that result 5 into a 3D net with doubly 
interpenetrated sra (SrAl2) topology. 
 
Figure 2-15. (a) Interlacing of 1D strands in 2 excluding weak interactions (b) sra in 
5 via μ2(-O-C(CF3)-O-) linkage.  
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MOFs that contain sra topology are well-known.
38
 Here the four Pb(II) 
octahedra are linked through two μ2(-O-C(CF3)-O-) and two μ2(bpe) forms a square 
which is the vertices of the tetrahedra as shown in Figure 2-16. Two N atoms at N-
Pb-N angle 84.5º and two O atoms of Pb(O)2 linkages situated at the vertex of 
tetrahedral node formed by Pb1. As a result, it forms infinite zig-zag ladder and Pb(II) 









 have sra topologies and shows similar zig-zag ladder 
structure via carboxylate SBU units.
  
Here these ladders are joined through a bpe 
spacer links result in sra topology as shown in Figure 2-17.   
 
Figure 2-16. A perspective view of sra net formed by 5. The octahedra Pb(II) atoms 
are indicated by polyhedra and yellow bonds indicates the linkage through two μ2(-O-
C(CF3)-O-). 




Figure 2-17. Schematic representation of sra net formed by connecting Pb(II) nodes 
in 5. Smallest circuits tetragon (green), hexagon (yellow) and octagon (orange) are 
shown in the net. 
 
The Pb(II) atom represents the Al center which acts as tetrahedral node in sra. 




.8 indicates the net is associated with one 
tetragon, one hexagon and one octagon (number of nodes in the smallest circuits, n = 
4, 6 and 8) and two different tetragon and three different hexagons (i.e. total 
connectivity at the node, p = 2 for tetragon and p = 3 for hexagon)(Figure 2-17).
39
 The 
vertex symbol [4.6.4.6.6.8(2)] shows that there are totally six angles associated with 
the net. The two angles are associated with the tetragon and three angles are 
associated with the hexagon and remaining one angle is associated with the octagon. 
It is known that if a single net has higher than 50% porosity which tends the nets to 
interpenetrate each other.
40
 A single sra network in 5 contains large void space having 
the size 31.29 Å × 18.05 Å. To eliminate the large void volume, it is occupied by 
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another network, therefore doubly interpenetrated sra topology as shown in Figure 2-





Figure 2-18. A perspective view of doubly interpenetrated sra nets in 5. 
 
2.2.2.6 Zwitter-ionic Complex [Pb(bpeH)2(O2CCF3)4] (6) 
A perspective view of the geometry at Pb(II) in 6 is shown in Figure 2-19, and 
selected bond lengths and angles are listed in Table 2-7. The bpe and fluorine atoms 
are disordered (refer Appendix Figure A-1). The Pb(II) is coordinated to four 
CF3CO2
–
 ligands and two monoprotonated bpe ligands to have highly distorted 
geometry with an O4N2 donor set. The bond length, bond angles and spacial 
distribution of ligands around the metal indicates a hemidirected geometry.
9
 Of the 
four CF3CO2
–
, two are in chelating mode. The Pb–O bond distances vary from 
2.641(5) to 2.885(5) Å.  




Figure 2-19. The coordination geometry at Pb(II) metal center in 6. C-H hydrogen 
atoms, disordered atoms are omitted for clarity. 
 
Table 2-7. Selected bond lengths (Å) and bond angles (°) in 6. 
Pb(1)-O(3) 2.889(7) O(1)-Pb(1)-N(1)
a
  77.9(3) 
Pb(1)-N(1) 2.648(1) O(3)-Pb(1)-O(4) 44.2 (2) 





















 2.649(1) O(4)-Pb(1)-N(1) 144.3(3) 
O(1)-Pb(1)-O(2)
a
     113.6(1) O(4)-Pb(1)-O(1)
a
 75.8 (2) 
O(1)-Pb(1)-O(3)     123.2(2) O(1)-Pb(1)-O(4)
a
 75.8 (2) 
O(1)-Pb(1)-O(4)     137.5(2) O(4)-Pb(1)-O(3)
a
 106.5(2) 



































     144.2(3)   
Symmetry transformations used to generate equivalent atoms:  
a = 1-x,y,1/2-z 
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The zwitter-ionic complexes are assembled through complementary N–H···O 
[N2-H2, 0.86 Å, N2···O1 (x-½, ½-y, z+½), 1.88 Å and N2-H2···O1, 165°] hydrogen 
bonding between the protonated nitrogen atoms and O1 of the monodentate 





Figure 2-20. A segment of the hydrogen bonded assembly showing the details of the 
supramolecular interactions and atom labeling scheme in 6. The C-H hydrogen atoms 
and disordered atoms are not shown for clarity. 
 
A crystallographic two-fold axis is present at the Pb(II) while the center of the 
hydrogen-bonded bpe–H+ pair lies on an inversion center. As a result, the bpe–H+ 
pairs are stacked in parallel with interactions between the adjacent pyridyl groups and 
the distance between the centroid of the pyridyl groups is 3.63 Å. The distance 
indicates π···π interactions between the adjacent pyridyl groups in the chain. The N–
H···O hydrogen bonding furnish a zigzag hydrogen-bonded chain propagating along 
the c-direction as shown in Figure 2-21. The bond angle N(1)-Pb(1)-N(2) 84º 
contributes in forming a zig-zag conformation in 6. 




Figure 2-21. A portion of the zig-zag hydrogen-bonded polymer 6. 
 
 The distance between the centers of the adjacent C=C bonds, 3.87 Å, indicates 
that these pairs are favorable for photochemical [2+2] cycloaddition reaction. 
Although a cobalt(II) complex containing the bpe–H+ ligand has been reported, the 
bpe–H+ were not aligned as expected.42 In another cobalt(II) complex,43 a pair of bpe 
units were aligned using O–H···N hydrogen bonding similar to 6. 
 
2.2.3 Structural Transformation in Solution 
The formation of coordination polymers is controlled by various factors in 
solution such as temperature, solvent, pH and time, 
44 
especially if the M-L bonds are 
labile. The transformation of coordination polymers have been observed in solution 
without dissolution or recrystallization process.
12-13
 As shown in Figure 2-22, the rod-
like crystals of 3 in solution slowly disappeared over a period of time and cubic-like 
crystals of 4 started to form.  




Figure 2-22. Microscopic images of (a) rod-like crystals of 3 (b) mixture of rod-like 
crystals (3) and cubic crystals of 4 (inset) after two weeks (c) formation of cubic (4) in 




Scheme 2-6. Loss of bpe ligands, acetate and trifluoroacetate anions from 3 to 2 via 
dissolution/recrystallization process in DMF solution. 
 
During these reorganization process two Pb(II) metal ions, hence two bpe 
ligands and three trifluoroacetate and one acetate ligand are removed (Scheme 2-6). 
However, a bpe ligand is retained inside the lattice of 4. After a period of time, cubic-
like crystals of 4 convert to block-like crystals of 2. During this process a bpe is 
removed and two third of the DMF solution was found to have evaporated along with 
the loss of anions. A change in the concentration of HTFA during slow evaporation of 
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DMF in the mother liquor certainly influences the product formation. In all these 
reorganization process, major change in topology of the structures are observed. 
 
2.2.4 Coordination Geometry of Pb(II) and N-Pb-N Bite Angle 
The geometric preferences of Pb(II) compounds are hemidirected for low 
coordination numbers (2-5) and holodirected for high coordination numbers (9-10) 




An ab initio molecular orbital investigation studies on gas-phase Pb(II) 
complexes show that a hemidirected geometry is favored if the ligand coordination 
number is low, the ligands are hard, and there are attractive interactions between the 
ligands.
9
 In such complexes, the lone pair orbital has p character and fewer electrons 
are transferred from the ligands to the bonding orbitals of Pb(II), resulting in bonds 
that are more ionic. Holodirected geometry is favored when the coordination number 
is high and the ligands are soft and bulky or show strong inter-ligand repulsion. The 
lone pair orbital has little or no p character when the geometry is holodirected and the 
bonds are more covalent than in the hemidirected structures. If the disposition of all 
the ligands on one side of the low coordinate (3-4) Pb(II) complexes, i.e hemidirected, 
hence the other face is occupied by the stereochemically active lone pair.  
The Pb(II) metal geometries of 1 to 6 without considering the lone pair are 
shown Table 2-8. In all the compounds the metal geometry is heavily distorted except 
Pb2 metal center in 3 (Figure 2-23). Hence, except the eight-coordinated Pb2 metal 
center in 3, all contains hemidirected coordination geometry with coordination 
numbers 5 to 8. In 3, both hemidirected and holodirected geometry found in two 
different Pb(II) atoms with coordination numbers 7 and 8 respectively. The variation 
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in Pb-N and Pb-O bond lengths and bond angles indicates that the lone pair is active 
in hemidirected metal geometries. The direction of lone pair electrons is also 
confirmed by the spacial distribution of ligands and shortest bond lengths. The very 
shortest Pb-O bond length (2.28 Å) is observed in 1. The hemidirected geometry is 
reflected from the influence of hard oxygen donor carboxylate ligands, which thus 
control over the topology of the networks. 
Table 2-8. Coordination number, metal geometries and N-Pb-N bite angle in 1 to 6. 




1 6 Octahedral hemi 160.5º 









4 8 Hexagonal bipyramid hemi 144.1º 
5 6 Octahedral hemi 84. 5º 
6 8 Hexagonal bipyramid hemi 84. 5º 
                  * metal geometry not distorted 




Figure 2-23. A polyhedral representation of Pb(II) metal center in (a) 1 (b) 2 and (c) 
6. A polyhedral representation of Pb(II) metal center and Pb-O-Pb linkages in (d) 3 
(e) 4 and (f) 5. 
 
2.2.5 1D to 3D Coordination Polymers 
The properties of Pb(II) metal ions and ligands are certainly control the 
formation of different topological structures. A close examination of the metal centers 
and organic connectivities indicates that the N-Pb-N bite angle variation and Pb-O-
Pb linkages influence the formation of dimensionality of coordination polymers in 1 
to 5. The N-M-N bite angle is known in differentiating the conformation of 1D 
coordination polymers (such as linear or zig-zag).
45
 The variation of N-Pb-N angles 
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as given in Table 2-8. A polyhedral view of Pb-O-Pb linkages in 3, 4 and 5 
coordination polymers have shown in Figure 2-23.  
The N-Pb-N bite angle (bond angle between the metal and long-spacer 
ligands) significantly varies from 83.4(2)° to 180° and contributes to the formation of 
different topological structures. A considerable decrease observed from 160.5º (1) to 
83.4º (2) when half of the acetate is replaced by trifluoroacetate ligands. However, 
this angle retained in 5 (84.5º) and 6 (84.5º) by replacing all the acetate by 
trifluoroacetate ligands. The zig-zag spiral conformation in 2, 5 and 6 is due to this 
decrease in the bite angle. There are two N-Pb-N angles observed in triple-stranded 
ladder (3); N1-Pb1-N2 180º and N3-Pb2-N3A 160º. This angle is decreased in 4 
(144.1º) results in a weak Pb1-N2 bond. The holodirected hexagonal-bipyramidal 
metal geometry found Pb2 in 3. However the distortion is reflected in the bite angles 
from 180° in 1, Pb1 in 3 and 4 around the hemidirected metal geometries (Table 2-8).  
The monocarboxylates also play a role in forming different topological 
structures. The coordination modes of Pb(II) metal ion and Pb-O-Pb linkage of acetate 
and trifluoroacetate ligands are shown in Figure 2-23. They involve in both chelating 
and bridging as well as from monodentate (2) to tridentate (3) bonding mode. The 
CF3CO2ˉ
 
anions chelate and not involved in bridging in 4. A discrete Pb3(O)8 
connectivity (rungs of the ladder) in 3 resulted from two acetates and two 
trifluoroacetate using via η1,3 mode. An infinite Pb(O)2 connectivity (η
1,3 
mode) results 
in 2D coordination polymer in 4. The two O atoms of Pb(O)2 connectivity situated at 
the vertex of tetrahedral node formed by Pb(II) metal center in 5, this result in 3D 
network of sra topology.  




Reactivity of Pb(II) ion with bpe has been investigated in the presence of 
acetate and trifluoroacetate anions. Five coordination polymers and one hydrogen-
bonded coordination complex have been isolated. All the compounds are completely 
characterized by X-ray crystallography, spectroscopic and analytical techniques. 
Interestingly, compound 1 isolated as 1D coordination polymer, but a rare Pb···π 
pyridyl interaction results in ladder-like conformation. A molecular fabric formed by 
1D coordination polymer in 2 when acetate was partially replaced by trifluoroacetate 
ligand. A triple-stranded ladder coordination polymer (3) formed when the ratio of 
HTFA was increased in 2. Compound 3 undergoes structural transformation in 
solution gives 2D sheet-like coordination polymer (4) which further re-organizes in 
due course to yield 2 in solution as confirmed by XRPD patterns and optical 
microscopy. When all the acetates were replaced by trifluoroacetate, 5 was formed 
which has the connectivity similar to 2. However infinite Pb-O-Pb linkage resulted in 
a doubly interpenetrated sra topology. The reactivity of Pb(II) metal ion with bpe is 
also solvent dependent. When the reaction was conducted in MeOH/CH3CN mixture 
yielded zwitter-ionic complex. In all the compounds the metal geometry is heavily 
distorted hemidirected except Pb2 metal center in 3 which is expected due to the 
influence of hard oxygen donor carboxylate ligands. 
 While investigating these coordination polymers of Pb(II) metal ion, olefinic 
C=C bonds of bpe have been found to be aligned in three compounds (3, 4 and 6). 
However, only 3 and 6 undergoes photochemical [2+2] cycloaddition reaction in the 
solid-state which are described in chapter 4. 
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2.4 Experimental  
All methods, starting materials and used reagents are described in chapter 7. 
2.4.1 Synthesis of Complexes 
[Pb(μ-bpe)(O2CCH3)2]·H2O (1) 
A methanolic solution (0.2 mL) of bpe (0.018 g, 0.1 mmol) was layered over 
DMF/MeOH (0.5 mL: 0.2 mL) solution mixture of Pb(OAc)2·3H2O (0.038 g, 0.1 
mmol). Colorless block-like crystals were obtained after three days. Yield: 0.027 g 
(52%). Elemental analysis (%) Calcd for C16H17N2O5Pb1 (525.53): C, 36.57; H, 3.45; 
N, 5.33. Found: C, 36.70; H, 3.08; N, 5.29. 
1
H NMR (DMSO-d6): H 8.60 (d, 4H, -
pyridyl proton), 7.60 (d, 4H, -pyridyl proton) 7.53 (s, 2H, -CH=CH-), 1.68 (s, 6H, 
CH3-CO2). Selected IR, (KBr, cm
−1) ν: 1625(m), 1600(s), 1559(s), 1410(s), 1343(m), 
1205(m), 1070(m), 1001(s), 828(s), 721(s), 663(s), 546(s).  
[Pb(μ-bpe)(O2CCH3)(O2CCF3)] (2) 
A DMF solution (0.5 mL) of bpe (0.091 g, 0.5 mmol) was mixed with a 
mixture of Pb(OAc)2·3H2O (0.189 g, 0.5 mmol) and HTFA (0.028 g, 0.25 mmol) in 1 
mL DMF. Slow evaporation of the clear solution yielded colorless rod-like crystals in 
one day. Yield: 0.31 g (55%). Elemental analysis (%) Calcd for C16H13N2F3O4Pb1 
(561.48): C, 34.23; H, 2.33; N, 4.99. Found: C, 34.05; H, 2.25; N, 4.86. 
1
H NMR 
(DMSO-d6): H 8.59 (d, 4H, -pyridyl proton), 7.60 (d, 4H, -pyridyl proton) 7.53 (s, 
2H, -CH=CH-), 1.73 (s, 3H, CH3-CO2). Selected IR (KBr, cm
−1) ν: 1683(s), 1598(s), 
1554(m), 1423(s), 1349(m), 1202(s), 1134(s), 1069(m), 999(m), 972(m), 832(s), 
721(s), 664(m), 545(m).  
 




A DMF solution (0.5 mL) of bpe (0.091 g, 0.5 mmol) was mixed with a 
mixture of Pb(OAc)2·3H2O (0.0189 g, 0.5 mmol) and HTFA (0.074 g, 0.65 mmol) in 
1.5 mL DMF. Colorless long rod-like crystals were obtained after 2 days from slow 
evaporation of the above clear solution. Yield: 0.056 g (64%). Elemental analysis (%) 
Calcd for C48H36N6O12F12Pb3 (1738.43): C 33.16; H 2.09, N 4.83; Found: C 32.94; H 
2.28; N 4.47. 
1
H NMR (DMSO-d6): H 8.60 (d, 12H, -pyridyl proton), 7.61 (d, 12H, 
-pyridyl proton) 7.53 (s, 6H, -CH=CH-), 1.71(s, 6H, CH3-CO2). Selected IR (KBr): ν 
(cm
-1
) = 1686(s), 1600(s), 1558(s), 1501(m), 1425(s), 1414(s), 1347(m), 1301(w), 
1206(s), 1135(s), 1070(m), 1020(w), 1001(s), 976(m), 961(m), 828(s), 803(m), 
723(m), 667(m), 546(s). 
[Pb(μ-bpe) )(μ-O2CCH3)(O2CCF3)]·bpe (4) 
The single crystals of 3 left in 2 mL DMF mother liquor solution for one 
week. A mixture of colorless rod-like crystals (3) and cubic crystals (4) were formed 
after one week. The cubic crystals were separated by hand picking. Yield: 0.05 g 
(18%). 
1
H NMR (DMSO-d6): H 8.59 (d, 8H, -pyridyl proton), 7.61 (d, 8H, -pyridyl 
proton) 7.52 (s, 4H, -CH=CH-), 1.77 (s, 3H, CH3-CO2). Elemental analysis (%) Calcd 
for C19H15.5N4F3O2.5Pb1 (616.05): C, 37.59; H, 2.57; N, 5.77. Found: C, 34.71; H, 
1.97; N, 5.07.  Selected IR (KBr): ν (cm-1) = 1687(s), 1630(s), 1598(s), 1502(m), 
1409(s), 1188(s), 1133(s), 994(m), 965(s), 835(s), 812(m), 720(m), 667(m), 540(s). 
[Pb(μ-bpe)(μ-O2CCF3)2(O2CCF3)] (5) 
A mixture of Pb(O2CCF3)2·3H2O (0.216 g, 0.5 mmol) and bpe (0.091 g, 0.5 
mmol) in 6 mL MeOH was stirred for 30 min. A white solid was precipitated out by 
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adding diethyl ether dropwise into the above mixture. The dried solid was dissolved in 
6 mL MeOH. A 0.5 mL of the clear methanolic solution of the compound was taken 
and layered by 0.6 mL diethyl ether. Colorless rod-like crystals were formed after 2 
days. Yield: 0.26 g (84%). Elemental analysis (%) Calcd for C16H10N2F6O4Pb1 
(615.46): C, 31.22; H, 1.64; N, 4.55; F, 18.52. Found: C, 31.21; H, 1.43; N, 4.65; F, 
17.76. 
1
H NMR (DMSO-d6): H 8.68 (d, 8H, -pyridyl proton), 7.76 (d, 8H, -pyridyl 
proton) 7.68 (s, 4H, -CH=CH-). Selected IR (KBr): ν (cm−1) = 1686(s), 1598(s), 
1501(w), 1427(s), 1205(s), 1133(s), 1071(m), 998(m), 971(m), 833(s), 804(m), 
724(s), 545(s). 
[Pb(bpeH)2(O2CCF3)4] (6)   
A THF solution (2 mL) of bpe (0.09 g, 0.5 mmol) was layered over a solution 
of Pb(OAc)2·3H2O (0.189 g, 0.5 mmol) and HTFA (0.171 g, 1.5 mmol) in 2 mL 
MeOH with 4 mL CH3CN as a middle buffer layer. Colorless distorted block crystals 
were formed after 2 days which were decanted and dried. Yield: 0.24 g (46%). 
Elemental analysis (%) Calcd. for C32H26N4F12O8Pb (1025.73): C, 37.47; H, 2.16; N, 
5.46. Found: C, 37.42; H, 2.19; N, 5.42%. 
1
H NMR (DMSO-d6): H 8.74 (d, 8H, -
pyridyl proton), 7.84 (d, 8H, -pyridyl proton), 7.75 (s, 2H, CH=CH). Selected IR 
(KBr):  (cm
-1
) = 1685(s), 1631(s), 1599(s), 1507(m), 1411(m), 1182(s), 1134(s), 
1000(m), 966(m), 837(m), 721(s),  544(m).
 13
C NMR (DMSO-d6): C 148.03 ( -
pyridyl proton), 146.41 ( -pyridyl proton), 132.31 (C=C), 122.67( -pyridyl proton). 
The bulk product of 6 were synthesized from the mixture containing bpe (0.09 g, 0.5 
mmol), Pb(OAc)2·3H2O (0.189 g, 0.5 mmol) and HTFA (0.171 g, 1.5 mmol) in 
MeOH/CH3CN  (2 mL: 2 mL) by stirring for 1hr. A white crystalline product 
precipitated out, filtered, dried under vacuum. Yield:   0.45 g (87%). 
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2.4.2 FTIR Spectroscopy 
All the compounds show the characteristic absorption bands for carboxylate 
and bpe ligands.  The sharp bands obtained from bpe ligands for the compounds 1 to 6 
have shown in Table 2-9.  





 (ν, cm-1) 1 2 3 4 5 6 
Oop. ν bend (C-H + C-
N) 
545-553 (vs) 546 545 546 540 545 544 
In.p υs (ring) + ν bend 
(C-H) 
825-827 (vs) 828 832 828 835 833 837 
In.p ν breath (ring)  + 
Oop. ν bend (C-H) 
982-989 (vs) 1001 999 976 994 971 966 
In.p υs (ring) overlap 
with  
ν (COOˉ)  
1594-1600(vs) 1600 1598 1600 1598 1598 1599 
a
reported values of bpe based on theoretical calculations, Oop = out of plane, In.p = in plane 
46  
b
free bpe ligand to known complex. 
 
The carboxylates bands for 2 to 6 are rather more complex since they show 
more than one coordination modes such as monodentate, chelation, bridging and 
chelation with bridging in two different carboxylate groups. 
47-48
 The absorption bands 
observed for 1 in the region 1625 and 1559 cm
-1





] stretching frequency respectively. The Δν (66 cm-1) indicates 
that the acetate chelates the Pb(II) metal ion. The absorption bands due to asymmetric 
[νasCOO
-
] stretching frequency of trifluoroacetate observed for 2, 3, 4, 5 and 6 in the 
region 1683, 1686, 1687, 1686 and 1685 cm
-1







] for acetate are not clearly shown since 
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this bands have been overlapped with bpe, in plane νs(ring) band. However νbend (C-F) 
observed in the range of 1133-1134 cm
-1 






2.4.3 Thermogravimetric Analysis 
The TG analysis shows that 5 is the most thermally stable coordination 
polymer than other four coordination polymer. The 3D net of 5 is stable up to ca. 250º 
C. The initial weight loss 4.1% (calculated, 3.42%) indicated in 1 is due to the loss of 
lattice water in the range of 64-80 ºC. The thermal stability of molecular fabric 2 is 
quite similar to 5 which indicate the resemblance of the two networks.  Triple 
stranded ladder 3 also exhibits thermal stability up to ca. 250 ºC.  
 
 
Figure 2-24. TGA plot of coordination polymers 1-5.  
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2.4.4 Crystal Structure Determination 
The crystallographic data of 1-6 are given in Table 2-10. Two sets of 
disordered F atoms were modeled (80/20) in 2 from the CF3CO2ˉ. Fluorine atoms and 
one of the oxygen atoms (O3 and O3A) in CF3CO2 ˉ are disordered in 3. In 4, CF3 
group of CF3CO2 ˉ is disordered. A good fit was obtained with a disordered 
overlapping free bpe molecules situated along the b-axis. The overlapping and the 
symmetry result in occupancy of 0.25. The geometric parameters of the bpe molecule 
were fixed to ideal parameter using DFIX option.  In 5, F atom was disordered into 
two positions with occupancy ratio 41:59. In 6, The F atoms were disordered. Four 
disordered models were resolved for each CF3 group. The geometry was restrained by 
using SADI and isotropic thermal parameters were refined for each model. The 
occupancy factor was fixed at 0.25 for each model and was not refined. The bpe-H is 
also found to be disordered. The occupancy of two disordered models were refined to 
0.62(2) and 0.38(2). Only individual isotropic thermal parameters were refined for 
non-hydrogen atoms. All the hydrogen atoms were placed in ideal positions using 
AFIX option. The 405 restraints in CIF were due to these. 
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Table 2-10. Crystallographic data of compound 1 to 6 
a













Compounds 1 2 3 4 5 6 
Formula C16 H16.5N2 O4.25 Pb C32 H26 F6 N4 O8 Pb2 C48 H36 F12 N6 O12 Pb3 C19 H15.5 F3 N2.5 O4 Pb C32 H20 F12 N4 O8Pb2 C56 H44 F48 N6 O8 Pb 
f.w. 512.00 1122.95 1738.40 607.03 1230.90 2048.17 
T/K 223(2)  223(2) 223(2) 293(2) 293(2) 296(2) 
cryst syst  Monoclinic Orthorhombic Triclinic Orthorhombic Orthorhombic Monoclinic 
space group C2/c Ccca P-1 Pbcn Ccca C2/c 
a/Å 24.754(2)  20.347(1) 8.974(5) 19.509 (2) 20.530(7) 11.916(4) 
b/Å                              9.862(8)  39.860(2) 12.899(7) 7.2877(4) 39.973(1) 15.793(6) 
c/Å 13.407(1)  9.358(5) 13.160(7) 28.124(1) 9.358(3) 19.578(7) 
α/o 90 90 67.771(1) 90 90 90 
/
o
 96.98(2) 90 88.485(1) 90 90 101.828(8) 
/
o
 90 90 72.359(1) 90 90 90 
vol/Å
 3 
/ Z                      3248.8(5) /8 7589.8(7) / 8 1337.22(1) / 1 3998.7(4) / 8 7680.1(4) / 8 3606(2) / 4 
ρ, Mg.cm–3 2.094 1.965 2.159 2.017 2.129 3.773 
 /mm
-1
 10.409 8.942 9.527 8.495 8.868 5.038 
Reflns col. 11108 20963 16806 26534 26009 10015 
Ind. Reflns/ Rint / GooF 3732 / 0.0340 / 1.034 3353 0.0557 / 1.050 6063 / 0.0286 / 1.122 4593 / 0.0462 / 1.095 4416 / 0.0434/1.031 3014 /0.0308 /1.085 
a
Final R[I>2 ], R1/ wR2          
                             
       
                                  
 0.0241 / 0.0586 0.0375 / 0.1061 0.0433 / 0.0957 0.0370 / 0.0963 0.0245 / 0.0595 0.0384 / 00.0981 
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Influence of the Anion on the Formation of 
Interpenetrated and Non-interpenetrated 
Network Structures of Co(II) Coordination 






                                                                                                                                                                                
Chapter 3 




As reviewed in chapter 1, connectivity of ligands and counter anions play an 
important role on the overall structure of metal organic frameworks with specific 
topology.
1-2
 Owing to their bridging ability, acetate and trifluoroacetate are efficiently 
utilized to orient the olefinic C=C bonds of bpe ligands to satisfy the topochemical 
criteria.
3-4
 Interesting structural transformation of Zn(II) molecular ladders 
coordination polymers through photochemical [2+2] cycloaddition reaction has been 
reported from our laboratory.
4
 However, similar Co(II) coordination polymers have 
not been explored. Further, MOFs formed from Co(II) ions have shown excellent 
magnetic properties.
5
 Here we made an attempt to synthesize the coordination 
polymers of bpe using Co(II) ion. Six coordination polymers have been synthesized, 
and well characterized by X-ray crystallography. Acetate, trifluoroacetate, benzoate 
and nitrate anions were used as counter ion to synthesize the coordination polymers. 
The resulting structures have been analyzed to rationalize the influence of these 
anions on the network connectivity and packing.
4
 
Of these six coordination polymers, two are molecular ladders [Co2(μ-bpe)2(μ-
O2CCH3)2(O2CCH3)2]∙H2O (7), [Co2(μ-bpe)2(μ-O2CCF3)2(O2CCH3)2] (8). When all 
the acetate anions are replaced by trifluoroacetate produced a 3D network of 
interpenetrated square-grid sheets [Co(μ-bpe)2(O2CCF3)2] (9). When acetate and 
trifluoroacetate were replaced by large size benzoate anion, it resulted in two 1D 
coordination polymer, [Co(μ-bpe)(O2CC6H5)2(HO{O}CC6H5)2] (10) having zig-zag 
structure and  [Co(μ-bpe)(O2CC6H5)2(CH3OH)2] (11) having linear conformation. By 
changing the anion from carboxylate to nitrate give a 3D network, [Co2(μ-
bpe)3(NO3)3(CH3OH)]∙(NO3) (12) having inclined interpenetration of 1D molecular 
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ladder structure with three-fold polycatenation. The above isolated solid-structures 
imply that anions have profound effect in forming the different topological networks. 
 
3.2 Result and Discussion 
3.2.1 Reactivity of Co(II) Metal ion Towards bpe Spacer Ligand 
Coordination polymers 7 to 12 were obtained in either different reaction 
condition or molar ratio. Such influence of the experimental conditions and 
stoichiometric ratio on the product formation has been very well explored in the 
literature.
2
 Previously, a number of Zn(II) coordination polymers have been 
synthesized in our lab in this way.
4
 The composition and the solid-structures of these 
reported compounds suggest that the influence of crystallization condition and the 
molar ratio in their formation. In this work, we made an attempt to prepare 
coordination polymers by employing similar procedure for Co(II) ion, did not resulted 
in the desired products. Scheme 3-1 summarize the reactivity of bpe with Co(II) 
acetate in the presence of HTFA and benzoic acid. Rod-like pink crystals of 7 were 
formed in two days by layering a methanolic solution of bpe over an aqueous solution 
of Co(OAc)2∙4H2O in 1:1 molar ratio. 
A solvothermal reaction of bpe, HTFA and Co(OAc)2∙4H2O in 1:1:1 ratio in 
MeOH/H2O (1 : 4 v/v) at 90º C affords dark pinkish rod-like crystals of 8 after three 
days. However, solvothermal reaction of Co(OAc)2∙4H2O, bpe and HTFA in 1:2:2 
ratio in MeOH at 90º C affords golden yellow block-like crystals of 9 in two days.  
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Scheme 3-1. Schematic diagram summarizing the reaction between bpe and Co(II) 
metal ion in the presence of acetate, HTFA and benzoic acid.  
 
The solvothermal reaction of Co(OAc)2∙4H2O, bpe and benzoic acid in a ratio 
of 1:1:2 in methanol produced rod-like yellowish orange crystals of 10. However, 
orange-red block-like crystals of 11 were obtained by layering of methanolic solution 
of bpe over a mixture of Co(OAc)2∙4H2O and benzoic acid in MeOH/H2O (1:2, v/v)  
in the same ratio.  
The nature of anions greatly influence the crystal growth and the resultant 
coordination polymers.
6 
To distinguish the effect of monocarboxylates in the above 
reaction over other anion, the reaction of Co(NO3)∙6H2O with bpe was conducted. 
The solvothermal reaction of bpe and Co(NO3)∙6H2O in a ratio of 1:1.5 in MeOH 
produced tetragonal pink crystals of [Co2(μ-bpe)3(NO3)3(CH3OH)]∙(NO3) (12). Zur 
Loye and coworkers reported [Co2(bpethy)3(NO3)4]∙MeOH having similar topology 
using bpethy (where bpethy = 1,2-bis(4-pyridyl)ethyne)
7
 and found that this can be 
formed irrespective of the ratios of the starting materials in MeOH/CH3CN. Carlucci 
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et al. reported two compounds, [M2(bpethy)3(NO3)4] (M = Zn or Co) with similar 
topology
8
 by diffusing of acetone-ethanol solvent system to synthesize these two 
compounds. The Co(II) compound reported by Carlucci and coworkers  is the 
psudomorph of the compound reported by Zur Loye and coworkers. In both 
compounds the nitrate ions are coordinated to the metal center.  However in 12, one 
of the nitrate ion non-coordinated and instead of a methanol is coordinated. 
 
 
Figure 3-1. Microscopic images of the crystals formed from Co(II) ion and bpe. 
 
3.2.2 Reaction Conditions and Molar Ratio  
Controlling the formation of desired network is one of the major challenges in 
preparing coordination polymers.
2a, 6, 9
 Understanding the chemical parameters of 
synthesis is extremely important in isolating the desired network solids.
2a 
 Although 
wide variety of topological solid structures were isolated, such studies are still in its 
infancy. We have carried out an attempt in preparing 9 under various conditions.  The 
crystallization conditions and molar ratio were varied and the products obtained were 
observed by optical microscopy, and characterized by X-ray powder diffraction.  
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Table A-1 (refer Appendix) summarizes the product obtained from 
Co(OAc)2∙4H2O, bpe and HTFA in various crystallization conditions and molar ratio. 
XRPD patterns (Figure 3-2 and Figure A-2, Figure A-3 and Figure A-4 in Appendix) 
obtained from the crystalline solids suggest that formation of 9 is more prominent 
than 8. XRPD pattern are shown in Figure 3-2 for the crystalline solids obtained from 
1:2:2 ratio.  Solvothermal (MeOH, 90° C) and slow evaporation (DMF) in a 1:2:2 
molar ratios found the best method in synthesizing 9. However, only a single phase of 
8 obtained from solvothermal (MeOH/H2O, 90° C) reaction in 1:1:1 ratio. Hence, the 
current observation suggests that compound 8 is mostly dependent on both 
crystallization conditions and ratio.  
  
Figure 3-2. XRPD patterns of 9 from 1:2:2 ratio of Co(OAc)2 : bpe : HTFA. (a) 
Simulated from 9 single crystal data (b) 9 obtained from MeOH, 90º C (c) 9 obtained 
diffusing in Et2O/MeOH solvent combination, (d) 9 obtained by slow evaporation in 
DMF solution. 
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3.2.3 Molecular Ladder Structures of [Co2(μ-bpe)2(μ-O2CCH3)2(O2CCH3)2]∙H2O 
(7) and [Co2(μ-bpe)2(μ-O2CCH3)2(O2CCF3)2] (8) 
A perspective view of a portion of the 1D polymer 7 is given in Figure 3-3. 
The compound crystallized in monoclinic space group C2. Selected bond distance and 
bond angles are given in Table 3-1. A 1D molecular ladder coordination polymer 
formed from two infinite linear polymers of [Co(μ-bpe)(O2CCH3)]n are bridged by 
two acetate ligands. A similar structure is reported using Zn(II) metal ion previously 
from our laboratory.
4
 In the former Zn(II) compound, the olefinic C=C bond are 
aligned in parallel, however in 7, the C=C bonds are aligned in criss-cross fashion. 
The bond angles around octahedral metal geometry vary ca. 95°-87° from ideal 
suggest that the Co(II) ion has distorted.  
Two N pyridyl atoms occupies at the axial position [Co(1)-N(1) 2.161(2) Å 
and Co(1) N(2)
a
 2.150(3) Å] and four O atoms from acetate equatorially. Two acetate 
ligands bridge (η2) symmetrically between two Co(II) ions act as the rungs [Co(1)-
O(3) 2.005(3) Å and Co(1)-O(4) 2.022(3) Å] and  generates an eight membered ring 
(Co···Co distance: 4.003 Å) and a crystallographic C2 axis exists at the center of this 
ring. Two acetate ligands chelates [Co(1)-O(1) Å and Co(1)-O(2) 2.197(3) Å] and 
situated in two Co(II) ions at the apical position. 1D Ladder coordination polymers 
running along [101] axis has shown in Figure 3-3. The distance between the centers of 
C=C bond is 3.865 Å.  
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Figure 3-3. A perspective view of the 1D molecular ladder polymeric structure of 7.  
 
Table 3-1. Selected bond lengths (Å) and bond angles (°) in 7. 




Co(1)-O(3) 2.005(3) O(3)-Co(1)-O(4) 120.9(1) 
Co(1)-O(4) 2.022(3) O(3)-Co(1)-N(2)
a
 86.5 (1) 





 87.8 (1) 
O(4)-Co(1)-O(2)    143.1(2) O(3)-Co(1)-O(1) 154.7 (1) 
N(2)
a
-Co(1)-O(2)      90.6(1) O(4)-Co(1)-O(1) 84.4(1) 
N(1)-Co(1)-O(2)      89.5 (1) N(2)
a
-Co(1)-O(1) 95.4(1) 
O(1)-Co(1)-O(2)      59.0(2) N(1)-Co(1)-O(1) 87.4(1) 
O(3)-Co(1)-O(2)      95.8 (2)   
Symmetry transformations used to generate equivalent atoms: a = x+1,y,z+1    
b = x-1,y,z-1    c = -x+1,y,-z+2       
 
The compound 8 crystallized in triclinic space group P . Selected bond 
distance and angle is given in Table 3-2. 8 form ladder structure similar to 7 as shown 
in Figure 3-4. The pyridyl rings of bpe interact through π-π stacking (distance ca. 
3.838 Å) and the 1D ladders are running approximately along [011] axis as shown in 
Figure 3-4. Unlike 7, the olefinic C=C bonds are aligned in parallel fashion with a 
distance of 3.765 Å. The Co···Co distance (3.936 Å) is shorter than 4.003 Å found in 
7. There is no disorder present in the bpe molecules in 8. 
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Figure 3-4. A perspective view of a portion of the 1D molecular ladder polymeric 
structure of 8.  
 
Table 3-2. Selected bond lengths (Å) and bond angles (°) in 8. 
Co(1)-O(1)  2.288(2) O(4)
a
-Co(1)-O(2) 144.5(7) 
Co(1)-O(2)  2.236(2) N(2)
b
-Co(1)-N(1) 178.8(7) 
Co(1)-O(3)  2.005(3) O(4)
a
-Co(1)-O(3) 124.5(7) 
Co(1)-O(3)  2.008(2) O(3)-Co(1)-N(2)
b







     88.4(7) 





-Co(1)-N(1)     91.6(7) 





-Co(1)-O(2)     89.8(7) 
O(3)-Co(1)-O(1)         148.2 (7) N(1)-Co(1)-O(2)     90.9(7) 
N(2)
b
-Co(1)-O(1) 89.6(7) N(1)-Co(1)-O(1)     91.6(7) 
Symmetry transformations used to generate equivalent atoms: a =  -x,-y+2,-z+2    b 
= x,y+1,z+1    c = x,y-1,z-1 
 
 
3.2.4 Two-fold Interpenetrated (4,4) Sheet Structure of [Co(μ-bpe)2(O2CCF3)2] 
(9) 
The asymmetric unit of 9 has shown in Figure 3-5. Selected bond distance and 
angle are shown in Table 3-3. The crystal structure of 9 reveals that the octahedral 
Co(II) metal center is strongly coordinated to four N atoms of the bpe molecules 
forming a square plane [Co1-N1 2.128(2) Å and Co1-N2 2.155(2) Å]. The oxygen 
atoms of two trifluoroacetate anions complete the octahedral geometry by occupying 
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the axial positions [Co1-O1 2.089(2) Å]. Figure 3-5 shows the coordination 




3-5. A view showing the coordination geometry of the metal centre in 9. 
 
Table 3-3. Selected bond lengths (Å) and bond angles (°) in 9. 
Co(1)-O(1)
a













































Symmetry transformation used to generate equivalent atoms:  a =  -x+1/2,-
y+1/2,z    b = -x+1,-y,-z    c = -x+1,-y,-z+1 
 
The crystallographic inversion present in the middle of the C=C bond of the 
bpe ligand in 9 generates square-grid network. The extended structure shows that each 
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Co(II) octahedral center is further connected to form 2D square-grid structure as 
shown in Figure 3-6 with the cavity dimensions measured by Co
…
Co distance ca. 
13.66 Å x 13.66 Å .  The shape is approximately square as inferred from the diagonal 
Co Co distances of 18.65 Å and 19.79 Å and CoCoCo angles of 86.6  and 92.9 . 
This (4,4) square-grid sheets are further interpenetrated in inclined fashion at dihedral 
angle of 40° to form diagonal/diagonal inclined interpenetrated 3D networks.  
 
Figure 3-6.  A portion of the square cavity formed in 9. 
 
The schematic diagrams in Figure 3-7 represent the diagonal/diagonal two-
fold inclined interpenetration of square-grid 2D sheets in 9. The corners of each 
interpenetrating square occupy the center of the square from the inclined square.  
Diagonal/diagonal interpenetration of (4,4) networks are well known in coordination 
polymers.
2, 5a, 7-8, 10





 anions placed in trans position of the 
Co(II) centre restrict further interpenetration of the square-grid network in 9. The type 
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interpenetration observed in 9 is very similar to that reported by Robson in 
[Zn(bipy)2(H2O2)](SiF6) (bipy = 4,4'-bipyridine) which is interlocked, perpendicular 
(4,4) square-grid [Zn(H2O)2(bipy)2]n
2n+
 sheets in diagonal/diagonal mode.
10a
 
Topologically identical structure was also observed in [Fe(bpe)2(NCS)2]∙CH3OH.
10c 
 
Figure 3-7. A schematic diagram showing the interpenetration of two diagonal 
square-grids sheets generated by connecting Co(II) metal atoms in 9. 
 
3.2.5 1D Zig-zag Chain Structure of [Co(μ-bpe)(O2CC6H5)2(HO{O}CC6H5)2] (10) 
A portion of the polymeric segment showing the coordination environment of 
the octahedral Co(II) center in 10 is displayed in Figure 3-8. The crystal structure 
reveals that the each Co(II) metal center adopts a six-coordinate octahedral geometry 
by coordinating to two N atoms [Co1-N1 2.153(2) Å and Co1-N2 2.156(2) Å] of the 
bpe molecules in cis fashion [ N-Co-N, 87.4 ]. Co(II) center is further coordinated to 
oxygen atoms, two from two benzoate anions  [Co1-O3 2.075(2) Å and Co1-O7 
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2.056(2) Å] and two from two neutral benzoic acid ligands [Co1-O1 2.110(2) Å and 
Co1-O5 2.108(2) Å].  
 
Figure 3-8. Asymmetric unit of 10 showing the coordination geometry of Co(II). 
 
Table 3-4. Selected bond lengths (Å) and bond angles (°) in 10. 
Co(1)-O(1)      2.110(2) O(5)-Co(1)-N(1) 93.7(8) 
Co(1)-O(3)      2.075(2) O(7)-Co(1)-O(3) 173.7(7) 
Co(1)-O(5)      2.107(2) O(7)-Co(1)-O(5) 85.4(8) 
Co(1)-O(7)      2.056(2) O(1)-Co(1)-N(1) 173.2(8) 
Co(1)-N(1)      2.153(2) O(7)-Co(1)-N(2) 87.2(9) 
Co(1)-N(2)      2.156(2) O(3)-Co(1)-N(2) 90.4(8) 
O(3)-Co(1)-O(5)        97.1(8) O(5)-Co(1)-N(2) 172.5(9) 
O(7)-Co(1)-O(1)        95.3 (8) O(1)-Co(1)-N(2) 86.6(8) 
O(3)-Co(1)-O(1)        90.3(8) N(1)-Co(1)-N(2) 87.5(8) 
O(5)-Co(1)-O(1)        92.5 (7) O(3)-Co(1)-N(1) 86.5(8) 
O(7)-Co(1)-N(1)        87.6(8)   
Symmetry transformations used to generate equivalent atoms: a = -
x+1/2,y+1/2,z+1/2    b = -x+1/2,y-1/2,z-1/2 
 
The two acidic proton from the benzoic acid ligand are strongly hydrogen 
bonded to oxygen atoms of the benzoate ligands [O(2)-H(2)∙∙∙O(8) 2.441 Å and O(6)-
H(1)∙∙∙O(4) 2.449 Å] as shown in Figure 3-8. The bpe ligands bridges two different 
Co(II) centres thus generate 1D coordination polymer [Co(μ-
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bpe)(O2CC6H5)2(HO{O}CC6H5)2] as shown in Figure 3-9, and  cis geometry at the 
metal center dictates of the polymer in zig-zag conformation. 
 
 
Figure 3-9. A portion of 1D polymeric strand formed by 10. 
 
The packing structure of 10 shows that the 1D polymeric strands are 
propagating along [011] and [011] directions, and lay parallel to each other forming a 
layer in bc-plane. In other words, the direction of propagation of 1D polymers are 
different in adjacent layers along a-axis with a twisting angle of 64.6  (Figure 3-10). 
The compound 10 also possesses weak intermolecular hydrogen bonding interactions 
between the chains. A very weak intermolecular C-H∙∙∙O hydrogen-bonding 
interaction [C(12)-H(12)∙∙∙O(4) 3.474 Å] was observed between the double bond 
hydrogen atom of coordinated bpe spacer from one chain to the oxygen atom of 
PhCO2
-
 of the next chain. The packing is in such a way that the coordinated PhCO2
-
 
and PhCO2H occupy either side of the V-shaped N-Co-N of the next chain and each 
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chain interacted via C-H∙∙∙O hydrogen-bonding in perpendicular fashion. The closest 
Co∙∙∙Co distances are 9.833 Å between the chains and 13.645 Å along the 1D chain. 
 
Table 3-5. Hydrogen bond distances (Å) and angles (º) for 10. 
D-H            d(D-H) d(H..A)      DHA       d(D..A) A Symmetry  
O(4)-H(1) 1.31(4) 1.17(4)               160(3)      2.449(3)               O(6)  
O(2)- H(2)  1.05(5)                1.43(5)               159(5)      2.441(4)               O(8)                        
C(5)-H(5)  0.94               2.56                111     3.032(4)                O(7)                             
C(12)-H(12)  0.94                 2.60              155        3.474(3)                O(4)                      -1/2+x,1/2-y,z 
 
 
Figure 3-10. A schematic diagram showing the propagation of 1D zig-zag polymeric 
strands. 
 
3.2.6 1D Linear Chain structure of [Co(μ-bpe)(O2CC6H5)2(CH3OH)2] (11) 
The crystal structure of 11 reveals that the asymmetric unit contains (Figure 3-
11) one and half of the molecular formula. Selected bond distances and angles are 
given in Table 3-6.   
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Figure 3-11.  A segment of 1D polymeric strands found in 11. 
 
Table 3-6. Selected bond lengths (Å) and bond angles (°) in 11. 
Co(1)-O(1)  2.081(3) O(3)-Co(1)-O(1) 179.7(5) O(3)-Co(1)-N(1) 89.1 (5) 
Co(1)-O(3)  2.062(3) O(3)-Co(1)-O(6)   91.7 (5) O(1)-Co(1)-N(1) 90.6(5) 
Co(1)-O(5)  2.134(1) O(7)-Co(2)-O(9)   90.0 (5) O(6)-Co(1)-N(1) 90.8 (5) 
Co(1)-O(6)  2.129(1) O(7)
b
-Co(2)-O(9)  90.0(5) O(7)-Co(2)-N(3)   87.8(5) 
Co(1)-N(1)  2.157(1) O(7)-Co(2)-O(9)
b







  90.0(5) O(9)
b
-Co(2)-N(3) 91.3(5) 
Co(2)-O(7)  2.098(1) O(9)-Co(2)-O(9)
b





  92.2(5) N(2)
a
-Co(1)-N(1) 178.6(5) 
Co(2)-O(9)  2.122(1) O(7)b-Co(2)-N(3)
b
  87.8(5) O(5)-Co(1)-N(1) 89.8(5) 
Co(2)-O(9)
b 







   89.5(5) O(9)-Co(2)-N(3)
b
 91.3(5) 
Co(2)-N(3)  2.133(1) O(1)-Co(1)-N(2)
a
   90.8(5) O(9)-Co(2)-N(3) 88.7(5) 
O(6)-Co(1)-O(5) 179.4(5) O(6)-Co(1)-N(2)
a





-Co(1)-O(5)    90.1(5) O(3)-Co(1)-O(5)   88.7(5)   
Symmetry transformations used to generate equivalent atoms: a =  x-1/2,y-1/2,z    b =  -
x+1/2,-y+1/2,-z+ 
 
There are two crystallographically independent metal atoms Co1 and Co2, 
while Co1 occupies the general position, Co2 sits on the centre of crystallographic 
inversion. Both Co(II) centers adopt an octahedral geometry by coordinating two N 
atoms of bpe [Co1-N1 2.158(1); Co1-N2 2.131(1); Co2-N3 2.133(1) and Co2-N4 
2.133(1) Å] and oxygen atoms of two benzoate ligands [Co1-O1 2.082(1); Co1-O3, 
2.063(1) and Co2-O7 2.098(1) Å] and two oxygen atoms [Co1-O5 2.134(1); Co1-O6, 
2.129 (1) and Co2-O9 2.122 (1) Å]  of methanol in trans-fashion as shown in Figure 
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3-11. The trans disposition of the bpe ligands led to the formation of a linear 1D 
coordination polymer as shown in Figure 3-11. 
In 11 the 1D coordination polymers are propagated alternatively along [110] 
and [110] directions. These 1D polymers forming layers as noted in 10. The angle 
between the propagation of these polymers is 41.8 . Strong intermolecular O-H∙∙∙O 
hydrogen bonding [d(D∙∙∙A), O(6)-H(3S)∙∙∙O(4) 2.610(1); O(5)-H(5S)∙∙∙O(2) 2.577(1) 
and O(9)-H(9S)∙∙∙O(8) 2.593(2) Å] was observed between the coordinated MeOH and 
PhCO2
-
 ligand in single chain. A weak intermolecular C-H∙∙∙O hydrogen bonding 
[d(D∙∙∙A), C(8)-H(8)∙∙∙O(5) 3.222 Å] interaction generated via oxygen atom of MeOH 
and meta hydrogen atom of  neighboring benzoate anion as shown in Figure 3-12. 
Another weak hydrogen bonding interaction [d(D∙∙∙A), C(16)-H(16)∙∙∙O(8) 3.305 Å] 
generated via ring hydrogen atom and oxygen atom of benzoate anions between the 
chains of two layers in which they assembled in perpendicular fashion. 
The 1D coordination polymers in the adjacent layers display π∙∙∙π interactions 
between the centers of the pyridyl rings with a plane-to-plane distance of 3.557-3.618 
Å. Here weak intermolecular hydrogen-bonding facilitates the chains in forming 3D 
hydrogen-bonded networks of 1D coordination polymer. The Co∙∙∙Co distances is 
13.642 Å along the 1D chain and 6.740 Å is between the nearest 1D chains. These 
types of packing have been noted in the literature
12
 and found to be unexceptional. 
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Figure 3-12.  The details of the weak interactions found in 11. 
 
 
Table 3-7. O H O and C H O hydrogen bond distances (Å) and angles (º) for 
11.  
D-H            d(D-H) d(H..A)      DHA       d(D..A) A Symmetry  
O(6)-H(3S) 0.85(2) 1.81(3) 158(3) 2.610(2) O(4)  
O(5)-H(5S) 0.85(2) 1.74(2) 167(2) 2.577 (2) O(2)  
O(9)-H(9S) 0.85(3) 1.78(3) 161(3) 2.593(2) O(8)  
C(8-H(8)    0.93        2.59    126 3.222(2)         O(5) 3/2-x,1/2+y,3/2-z 
C(16)-H(16)   0.93        2.50    145 3.305(3)         O(8)    x,1-y,1/2+z 
 
 
3.2.7 Two-fold Interpenetrated Ladder Structure of [Co2(μ-
bpe)3(NO3)3(CH3OH)]∙(NO3) (12) 
The asymmetric unit of 12 is given in Figure 3-13. Selected bond distances 
and angles are given in Table 3-8. In 12, there are two crystallographically 
independent Co(II) metal centers of which are Co1 has distorted octahedral geometry 
and Co2 has distorted pentagonal-bipyramidal hepta-coordinate geometry.  
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Figure 3-13. A perspective view of the asymmetric unit of 12. 
 
Table 3-8. Selected bond lengths (Å) and bond angles (°) in 12. 
Co(1)-O(1)  2.101(5) O(16)-Co(1)-O(1) 158.3(2) O(10)-Co(2)-O(8) 121.9(3) 
Co(1)-O(2)  2.212(5) O(16)-Co(1)-N(5) 104.0(2) N(2)-Co(2)-N(4) 175.2(2) 
Co(2)-O(7)  2.150(5) O(1)-Co(1)-N(5)   97.2(2) N(6)-Co(2)-N(4)  85.3(2) 
Co(2)-O(8)  2.274(7) O(16)-Co(1)-N(1)   90.2(2) N(2)-Co(2)-N(6)  97.5(2) 
Co(2)-O(10)  2.151(7) O(1)-Co(1)-N(1)   93.9(2) N(2)-Co(2)-O(7)  88.2(2) 
Co(1)-N(5)  2.124(6) N(5)-Co(1)-N(1)   89.5(2) N(6)-Co(2)-O(7)  95.2(2) 
Co(2)-O(11)  2.310(1) N(4)-Co(2)-O(8)   86.5(2) N(2)-Co(2)-O(10)  89.6(3) 
Co(1)-O(16)  2.059(5) N(2)-Co(2)-O(11)   89.8(4) N(5)-Co(1)-O(2) 156.8(2) 
Co(1)-N(1)  2.132(5) N(6)-Co(2)-O(11) 138.2(3) N(1)-Co(1)-O(2)  93.1(2) 
Co(2)-N(2)  2.130(5) O(1)-Co(1)-N(3)   87.0(2) N(3)-Co(1)-O(2)   85.8(2) 
Co(1)-N(3)  2.146(5) N(5)-Co(1)-N(3)   92.2(2) O(7)-Co(2)-N(4)   87.7(2) 
Co(2)-N(4)  2.161(5) N(1)-Co(1)-N(3) 178.0(2) O(10)-Co(2)-N(4)   94.5(3) 
Co(2)-N(6)  2.136(6) O(1)-Co(1)-O(2)   59.5(2)   
N(6)-Co(2)-O(8) 151.6(3) N(2)-Co(2)-O(8)   89.3(2)  
 
Each metal center is strongly coordinated to N atoms of the three bpe spacer 
ligands [Co1-N1 2.132(5); Co1-N3 2.146(5); Co1-N5 2.124(6); Co2-N2 2.130(5); 
Co2-N6 2.136(6) and Co2-N4 2.161(5) Å]. Co1 is coordinated to a nitrate anion in 
bidentate manner [Co1-O1 2.101(5) Å and Co1-O2 2.212(5) Å] and an oxygen atom 
of methanol ligand [Co1-O16 2.059(5) Å]. On the other hand, two nitrate ions are 
chelated to Co2 metal center [Co2-O7 2.150(5); Co2-O10 2.151(7); Co2-O8 2.274(7) 
and Co2-O11A 2.310(1) Å]. 
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The N donors of the pyridyl bpe spacer ligands are bonded to the Co(II) 
centers to provide T-shaped geometry
13
 for the CoN3 core. The T-shaped building 
blocks are further connected to each other to form infinite 1D molecular ladder with 
(4,3) square-grid ladder networks (Figure 3-14).  
 
Figure 3-14. A portion of the square cavity formed of the 1D ladder in 12. 
 
Four Co atoms in the ladder occupy roughly the corners of a square as shown 
in Figure 3-14 with the Co Co distance of 13.52 Å in the rung and 13.59 Å along the 
pole. The diagonal Co Co distances of the squares are 17.99 Å and 20.39 Å. Each 
square in the ladder is filled by two squares from two different ladders. This 
interpenetration occurs in an inclined fashion with a dihedral angle of 75°. Hence, the 
overall structural motif results in three-fold interpenetration of 1D molecular ladders 
to 3D network structure as shown in the schematic diagram in Figure 3-15.  
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Figure 3-15.  A schematic diagram showing the details of the topology generated by 
connecting Co(II) metal atoms in 12. 
 
The ladders are stacked in off-set arrangement to provide the 3D network 
structure in 12. The closest distance between the pyridyl rings from different ladders 
are C10 C10, 5.78 Å and C=C C10, 3.82 Å.  Three-fold catenation have been 
observed in {[Cd2(4,4'-pytz)3(μ-NO3)(NO3)3(MeOH)]}n (4,4'-pytz = 3,6-bis(pyridine-
4-yl)-1,2,4,5-tetrazine),.
14a
 in [Cu2(ip)(bipy)] 3.5H2O (ip = isophthalate).
14b
 and in 




3.2.8 Influence of the Anions  
The topologies formed from Co(II) ion and bpe are given in Scheme 3-2. 
Anion has a major influence on the formation of different network topologies.
6, 15-16, 24
 
Carboxylate ligand is commonly used for various networks due to its bridging 
ability.
17
 Monocarboxylate anions show variety bonding modes as we observed in 
Pb(II) coordination polymers in chapter 2. Acetate ligands show symmetrical syn-syn 
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(η2) bridging in both 7 and 8 1D ladders. Acetate and trifluoroacetate ligands 
symmetrically chelate in 7 and 8 respectively.  
 
 
Scheme 3-2. Topology formed from Co(II) ion and bpe ligand. 
 
In forming the ladder topology, acetate anion has profound influence by 
bridging the metal cations. However, replacing the acetate anions completely using 
trifluoroacetate resulted in 9 having square-grid sheets with octahedral geometry at 
the metal centre and the less basic trifluoroacetate ligand is situated at the axial 
position in monodentate mode. The square-grid formed may be due to the influence of 
the trifluoroacetate anionic ligand. This square-grid generates large cavities with 
13.66 Å x 13.66 Å dimensions without inclusion of guest molecules or counter 
anions.  As a result, each square-grid sheet interpenetrate each other in an inclined 
fashion at the midpoint to furnish two-fold interpenetration of (4,4) square-grid sheets 
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and 2D→3D nets. In addition, weak C-H∙∙∙F interaction between the pyridyl rings of 
the one sheet with fluorine atoms of coordinated F3C-CO2ˉ in the inclined sheet found 
to stabilize the interpenetration.  
Recently, Zaworotko et al. systematically varied the reaction temperature and 
starting material concentration over the synthesis of interpenetrated and non-
interpenetrated pillared MOFs.
18 
Low temperature and low or high concentration 
favored non-interpenetrated network form, but high temperature and high 
concentration favored an interpenetrated network form. Authors admit that the intense 
investigation is needed whether the current observation is serendipitous or a general 
rule. Our study shows that room temperature and higher temperature gives the same 
interpenetrated network (9). In this case, there is no affect of temperature, 
concentration and solvent system found in interpenetration.  
As we have observed in chapter 2, when replacing all the acetate by 
trifluoroacetate ligands resulted in a interpenetrated sra network (5). From these two 
observations it appears that the trifluoroacetate anion has profound influence in 
forming interpenetrated networks.  
Although the coordination modes of carboxylates are unpredictable, it was 
expected to form similar interpenetrated networks by the aromatic monocarboxylates. 
However, the large size of the benzoate anion appears to hinder the formation of 
higher dimensional network. This is consistent with the monodentate coordination 
mode commonly found in complexes containing benzoate ligands. On the contrary, 
benzoic di- or tri- carboxylates have shown bridging and chelation in most of the 
complexes. Interestingly, in 10, benzoic acid acts as a neutral ligand by coordinating 
to Co(II) ion in monodentate fashion which is not common in coordination 
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 The benzoic acid ligand form intramolecular hydrogen bonding with 
coordinated benzoate anion. The special distribution of benzoate anion and neutral 
benzoic acid on the metal geometry greatly affected in a small bite angle of N-Co-
N, 87.4 , in cis fashion, hence zig-zag conformation. However, the bite angle N-Co-
N 180.0  (i.e. trans fashion) not deviated in 11, because the donor atom of benzoate 
anion and coordinated methanol occupy a plane and not sterically hindered over the 
metal geometry. Such cisoid and transoid conformation in 1D coordination polymers 
are well studied in Ag(I) compounds.
2c
 
The coordination sphere of the metal can be influenced by the coordinating 
ability of the anion which controls the framework connectivity.
12
 While replacing the 
carboxylates by nitrate anions resulted in the change of Co(II) metal geometry from 
octahedron to a pentagonal bipyramid and highly distorted octahedron. Due to this 
preferred influence of NO3ˉ anion, the metal to ligand ratio in 12 remains at 1:1.5 
irrespective of the ratio used in the synthesis. The ability of NO3ˉ anion to chelate 
Co(II) metal centre in 12 provides T-shaped geometry. The structural motif observed 
with T-shaped connecting nodes is particularly of interest in constructing ladders, 
brickwall, bilayer and 3D frameworks.
13
 Interpenetration of molecular ladders cause 
1D→2D or 1D→3D nets are common if the cavities are not occupied with guest 
solvent molecules.
1a-c, 22 
The square-grid network in 12 generates a similar size 
cavities of 9 in dimensions ca. 13.52 Å x 13.59 Å without any guest molecules. This 
results in 3-fold interpenetration in 12. It is known that adjacent interpenetrated 
ladders can be stabilizing by strong π…π interaction in 1D→2D nets.23 However, we 
believe that the interpenetrated 1D ladders in 12 are stabilized by weak C-H∙∙∙O 
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hydrogen bonding interaction between the pyridyl rings and the oxygen atoms of the 
coordinated nitrate ligands. 
  Further it appears that shape and the size of the anion are responsible for the 
degree of interpenetration.
11a, 24 
The CF3CO2ˉanion is larger than NO3ˉ anion and that 
certainly restricted further catenation of network by occupying the void space. 
Increasing degree of interpenetration from three-fold to five-fold has been observed 
by using longer spacer ligands.
25
 For example, [Cd2(L1)3](NO3)2, (L1 = 1,4-bis(4-
pyridylmethyl)benzene) shows nearly orthogonal interpenetration of ladders by five-
fold polycatenation.
25a-25b
 A similar polycatanated system observed 
[Cd2(nbpy4)3(NO3)4]n (nbpy4 = N,N’-bis-(4-pyridinylmethylene)-1,5-
naphthalenediamine) due to large long, rigid exo-bidentate ligand.
25c
 Two different 
degrees of interpenetration and topologies in 9 and 11 have been attributed to the 
influence of the nature and size of anions present in those complexes.  
 
3.2.9 FTIR spectroscopy 
Selected IR bands for the complexes are presented in Table 3-9. All the 
compounds show the characteristic absorption bands for bpe ligands. However, the IR 
band due to the in plane ring stretching (i.e. In.p as(ring)) in bpe is overlapped with 
carboxylate sharp bands in 7, 8 and 9. In 7 to 9, the asymmetric [ asCOO
-
] band for 
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Table 3-9. Selected IR absorption bands (cm
-1
















 Δ  






   
8 1703 1584 119 1611 1448 163    
9 1681 1429 252       
10         1606   1412 194 








The symmetric [ sCOO
-
] bands for these ligands observed in the region of 
1584-1429 cm
-1
 and 1504-1437 cm
-1
 respectively. The  value of 66 cm
-1
 and 170 
cm
-1
 observed in 7 suggests the chelation and syn-syn bridging of acetate.
26
 and the 
same has been confirmed by the X-ray crystal structures. The  value of 92 cm
-1
 
observed for the chelated trifluoroacetate ligands in 8, which has been noted before 
for similar complexes. However,  ca. 136 cm
-1
 suggests bridging acetate groups
 26
 
and the same has been reflected in the X-ray crystal structure in 8. The bend (C-F) 
observed in the range of 1134, 1132 cm
-1 
respectively for trifluoroacetate ligands in 8 
and 9 compounds. The asymmetric [ asCOO
-
] band and symmetric [ sCOO
-
] bands 







 The  value ca. 194 cm
-1
 observed in 10 and 11 
suggests unidentate coordination mode in both compounds.  
The IR bands observed in 12 at 1471 and 1304 cm
-1





) respectively of coordinated nitrate ions, and 1384 cm
-1
 correspond to 
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) of free nitrate ion.
27
 The assigned IR stretching frequencies in 7 – 12 are 




3.2.10 Thermogravimetric Analysis 
Thermogravimetric analyses of all the compounds are shown in Figure 3-16. 
The initial weight loss indicated in 7, 11, and 12 reflected from the loss of the 
corresponding solvent molecules as shown in Table 3-10. The TG of 7 displayed the 
weight loss of 4.0% (calculated, 4.3%) from the loss of a lattice water in the range of 
49 - 84 ºC. Thermal analysis of 11 shows the initial weight loss of 3.9% (calculated 
3.9%) corresponding to methanol in ca. 65-136 °C. Compound 12 shows the weight 
loss of 7.3% (calculated 6.7%) corresponding to one coordinated methanol in the 
range of 45-77 ºC. 
 
Figure 3-16. TGA plot of coordination polymers 7 to 12. 
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Table 3-10. TGA data of coordination polymers 7 – 12. 








7 H2O 49– 84 4.0 (4.3)
a
 250 
8 - - - 330 
9 - - - 290 
10 - - - 290 
11 MeOH 65– 136 3.9 (3.9) 210 
12 MeOH 45– 77 7.3(6.7) 260 
a
calculated % weight loss 
 
 
Thermal analysis of 1D ladders indicates that, 7 is stable up to ca. 250 ºC 
(decomposition temperature 250 – 321 ºC with all the ligands observed 76.6%, 
calculated 77.4%). However, 8 is decomposed at ca. 230 – 350 ºC. Thermal analysis 
indicates that metal-organic framework 9 is more thermally stable than the other 
compounds. The compound 9 is stable up to ca. 290ºC. A step by step weight loss 
observed in 9 with total weight loss corresponds to loss of all bpe ligands (observed 
56.8%, calculated 56.0%) in the range of 290ºC to 300ºC. 
  A rapid weight loss observed at 260ºC after initial methanol loss in the 3D 
network of 12, with total weight loss corresponds to loss of all bpe ligands (observed 
59.8%, calculated 58.0%). The linear 1D coordination polymer, 10 indicates the 
compound is stable up to ca. 290 ºC and the first weight loss observed corresponds to 
the loss of all bpe ligands (observed 26.6%, calculated 25.0%) and rest for the 
benzoate ligands.  The compound 11 is stable up to ca. 210 ºC and the weight loss 
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observed for bpe and benzoate ligands in the range ca. 210 ºC to 350 ºC (observed 





Magnetic properties of interpenetrated Co(II) 3D network in 9 and 12 have 
been investigated. Metal ions bridged by conjugated or spacer ligands have enormous 
interest because of their fascinating magnetic properties.
5, 10b-c, 28-30
 There are good 
examples of  compounds reported that having interpenetrated (4,4) sheets, which 
shows excellent magnetic properties.
5a, 10b-c, 29
 Chen and coworkers found Co(II) ion 
with strong anisotropy in [Co4(pico)4(4,4’-bpy)3(H2O)2]·2H2O (where pico = 3-
hydroxypicolinate), exhibits spin canting and typical metamagnetism. The structure of 
12 is similar to the latter, but has parallel/diagonal inclined interpenetrated (4,4) 
sheets.
5a
  Kepert et al. showed magnetic switching in a inclined interpenetrated (4,4) 
sheets formed from Fe(II) ion via guest exchange.
29a
 Real et al. also showed similar 
interesting magnetic behavior in interpenetrated (4,4) sheets.
29b
 
Magnetic studies reveal that the material 9 exhibits weak ferromagnetic 
behavior at low temperature as shown in Figure 3-17a and Figure 3-17b. The χMT 




 K at 300 K under 1 kOe field is typical for high-spin Co
2+
 
ions with significant orbital contribution. χMT values decrease gradually upon 




 K at 4 K, then drops sharply on 




 K at 2 K. The susceptibility data above 210 K obeys 




 K and a Weiss 
constant θ = -19.7 K. The negative value of θ may be due to spin-orbit coupling, 
which is remarkable for the 
4
T1g state of Co
2+
 in an octahedral ligand field. Since the 
separation between the Co(II) ions are so long (13.66 Å), the magnetic interaction 
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between the Co(II) within a 2D net should be very weak, an antiferromagnetic (AF) 
interaction between the nets could be possible. 


























 = -19.7 K

































Figure 3-17. Field dependence of magnetization of 9 at T= 2 K (above). Temperature 
dependence of χMT and χM
-1
 of 9 at H= 1 k Oe from 2 to 300 k (below).  The red line 
represents the best fit to the Curie-Weiss law  
 
A similar antiferromagnetic behavior is reported by Gao and coworkers in a 
2D honeycomb-like azide bridged cobalt(II) compound, Co(N2H4)(N3)2 in which 
N2H4 acts as the second bridging ligand.
30a
 This compound shows weak ferromagnet 
due to spin-canting, with the critical temperature TN being 13.5 K. 
Magnetic studies reveal that the material 12 exhibits weak ferromagnetic 
behavior at low temperature as shown in Figure 3-18 and Figure 3-19. χMT values 
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K at 6 K. χMT drops sharply on further cooling. This behavior suggests the possible 
occurrence of weak ferromagnetism (WF) below 6 K. The susceptibility data above 




 K and a 
Weiss constant θ = -14.4 K. Since there exist large separation of 13.66 Å between 
Co(II) ions within one net, and 9.325 Å between different nets. 9 shows a single-ion-
like behaviour without long-range order. However, in 12, although the distance 
between the Co(II) ions within one net is 13.52 Å, the nearest inter-net distance of 
6.32 Å is shorter than that found in 9. This might be one of the reasons for the 
possible canted weak ferromagnetic state of 12 at low temperature. 













H / kOe  
Figure 3-18. Field dependence of magnetization of 12 at T = 2 K. 
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 = -14.4 K










Figure 3-19. Temperature dependence of χMT and χM
-1





Six coordination polymers were isolated from Co(II) ion and bpe in the 
presence of CH3CO2ˉ, CF3CO2ˉ, C6H5CO2ˉ, NO3ˉ anions. All the compounds are 
characterized by X-ray crystallography, IR spectroscopy and thermogravimetry. The 
reactivity of Co(II) ion with bpe in various crystallization conditions are also 
investigated. The variable temperature magnetic measurements of two compounds (9 
and 12) were also investigated. The complexes 7 and 8 exhibits 1D molecular ladders 
with criss-cross and parallel aligned C=C bond in <4.2 Å. However, 9 forms square 
grid 2D sheets by replacing all acetate by trifluoroacetate ligands. 9 forms diagonally 
inclined two-fold interpenetration of (4,4) square-grid sheets from 2D→3D net 
transformation. Replacing the aliphatic monocarboxylate by aromatic 
monocarboxylate ligands results in 1D coordination polymers having zig-zag (10) and 
linear (11) conformation. The assemblies of six-coordinate metal ion with four 
carboxylate ligands with bpe spacer ligand in cis geometry produce zig-zag chain 
                                                                                                                                                                                
Chapter 3 
                                                                                                                                                                                                                             
119 
 
coordination polymer in 10 from solvothermal synthesis. However the assemblies of 
all the trans-six-coordinate metal ion with two carboxylate as bridging ligands, two 
methanol and two bpe spacer ligands produce linear 1D chain in 11 by layering 
method with different composition. The size and coordination mode of the benzoate 
anion influence the formation of 1D strand in 10 and 11. The adjacent 1D chain in the 
subsequent layers are aligned in perpendicular fashion in 10 and 11 like one over and 
one under fashion with weak C-H∙∙∙O hydrogen boding between the chains result in 
3D hydrogen-bonded network structure. Replacing the carboxylate ligands by nitrate 
anion resulted in infinite molecular ladders in 12 from T-shaped geometry. These 
infinite 1D ladders have three-fold interpenetration in 12 that leads 1D→3D nets. The 
influence of the size and nature of anions on the degree of interpenetration and 
topology of the networks is highlighted in these structures.  
†
Song Gao, Peking University, P. R. China 
3.4 Experimental  
All methods and starting materials are described in chapter 7. 
3.4.1 Synthesis of Complexes 
[Co2(μ-bpe)2(μ-O2CCH3)2(O2CCH3)2] (7) 
Layering method: A 0.6 mL methanolic solution of bpe (0.027 g, 0.15 mmol) 
was layered over 0.6mL aqueous solution of Co(OAc)2·4H2O (0.037 g, 0.15 mmol) 
and 1mL methanol used as buffer. Pink rods like crystals were formed after 4 days. 
Yield: 0.076 g (68 %). Elemental analysis (%) Calcd for C32H34Co2N4O9 (736.49): C 
53.49; H 4.49, N 7.8; Found: C 51.56, H 4.65, N 7.50 %. Selected IR (KBr): ν (cm-1) 
= 3042(m), 3010(w), 1607(s), 1570(s), 1504(s), 1437(s), 1385(w), 1352(m), 1305(w), 
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1251(m), 1220(w0, 1207(w), 1071(w), 1049(w), 1016(s), 983(w), 974(w), 832(s), 
671(m), 646(w), 622(w), 554(s).  
Hydrothermal method: A 2 mL aqueous solution of Co(OAc)2·4H2O (0.024 g, 
0.1 mmol) was mixed with bpe (0.018 g, 0.1 mmol) and the mixture was heated in a 
sealed glass tube at 90ºC. Pink rod-like crystals were formed after 2 days, decanted 
and dried under vacuo. Yield: 0.038g (51 %).  
[Co2(μ-bpe)2(μ-O2CCF3)2(O2CCH3)2] (8) 
Solvothermal method: A methanolic solution (0.5 mL) of bpe (0.018 g, 0.1 
mmol) was mixed with an aqueous solution (2 mL) of Co(OAc)2·4H2O (0.024 g, 0.1 
mmol) and HTFA (0.011 g, 0.1 mmol) and the mixture was heated in a vial at 90ºC. 
Pink rod-like crystals were formed after 2 days, decanted and dried under vacuo. 
Yield: 0.024 g (58%). Elemental analysis (%) Calcd for C16H13CoF3N2O4 (413.21): C 
46.51, H 3.17, N 6.78 ; Found: C 47.22, H 3.10, N 6.97 %. Selected IR (KBr): ν (cm-
1
) = 3077(w), 3016(w), 1703(s), 1611(s), 1584(s), 1561(s), 1504(m), 1448(s),1428(s), 
1350(w), 1301(w), 1207(w), 1193(s), 1134(s), 1072(w), 1049(w), 1018(m), 969(w), 
952(w), 827(m), 794(w), 718(m), 678(w), 647(w), 614(w), 554(s).   
Slow evaporation method: A 0.5 mL DMF solution of bpe (0.045 g, 0.25 
mmol) was mixed with a mixture of Co(OAc)2·4H2O (0.062 g, 0.25 mmol) and 
triflouroacetic acid (0.029 g, 0.25 mmol) in 1 mL DMF. Slow evaporation of the clear 
solution formed pink rod-like crystals after 2 days. Yield: 0.056 g (54%).  
[Co(μ-bpe)2(O2CCF3)2] (9)  
Solvothermal method: A 2 mL methanolic solution of bpe (0.036 g, 0.2 mmol) 
was mixed with a solution of Co(OAc)2·4H2O (0.024 g, 0.1 mmol) and HTFA (0.022 
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g, 0.2 mmol)  in 1 mL methanol and the mixture was heated in a sealed glass tube at 
90ºC. Golden yellow rod-like crystals were formed after 2 days, decanted and dried 
under vacuo. Yield: 0.048 g (75%). Elemental analysis (%) Calcd for 
C28H20N4O4F6Co (649.4): C, 51.79; H, 3.1; N, 8.63. Found: C, 51.01; H, 2.66; N, 8.43 
%. Selected IR (KBr): ν (cm-1) = 3065(w), 3041(w), 1681(s), 1612(s), 1561(m), 
1507(m), 1429(m), 1350(w), 1303(w), 1250(m), 1198(s), 1181(s), 1132(s), 1069(m), 
1019(m), 992(m),952 (m), 828(s), 716(s), 554(s).  
Slow evaporation method: A slow evaporation of clear solution of bpe (0.091 
g, 0.5 mmol), Co(OAc)2·4H2O (0.062 g, 0.25 mmol) and HTFA (0.022 g, 0.5 mmol)  
in DMF (3 mL) produces golden yellow crystals after three days. Yield: 128 g (80 %). 
Layering method: A THF solution of bpe (0.036 g, 0.2 mmol) was layered over a 
methanolic solution of Co(OAc)2·4H2O (0.024 g, 0.1 mmol) and HTFA (0.022 g, 0.2 
mmol) and CH3CN used as the buffer. Golden yellow crystals formed after one week. 
Yield: 0.036 g (56 %). 
[Co(μ-bpe)(O2C C6H5)2(HO2CC6H5)2] (10) 
A 2 mL methanolic solution of bpe (0.018 g, 0.1 mmol) was mixed with a 
solution mixture of Co(OAc)2·4H2O (0.024 g, 0.1 mmol) and benzoic acid (0.024 g, 
0.2 mmol)  in 1 mL methanol and the contents were heated in a sealed glass tube at 
90ºC. Rod-like yellowish orange crystals were formed after 1 day, decanted and dried 
under vacuo. Yield: 0.042 g (58%). Elemental analysis (%) Calcd for C40H32N2O8 Co 
(727.61): C, 66.03; H, 4.43; N, 3.85. Found: C, 62.56; H, 4.62; N, 3.45 %. Selected IR 
(KBr): ν (cm-1) = 3422(w), 3054(w), 3024(w), 2361(w), 2342(w), 1951(w), 1935(w), 
1606(s), 1569(s), 1541(s), 1502(m), 1495(m), 1426(s), 1309(w), 1247(w) 1217(w), 
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1175(w), 1070(w), 1025(w), 1013(m), 986(w), 854(m), 842(m), 831(s), 719(m), 
702(s), 683(m), 553(s), 434(w).  
[Co(μ-bpe)(O2CC6H5)2(CH3OH)2] (11)  
A 2 mL methanolic solution of bpe (0.018 g, 0.1 mmol) was layered over a 
solution of Co(OAc)2·4H2O (0.024 g, 0.1 mmol) and benzoic acid (0.024 g, 0.2 mmol)  
in 1 mL H2O and 0.5 mL methanol. Orange-red block crystals were formed after 2 
days, decanted and dried under vacuo. Yield: 0.126 g (76%). Elemental analysis (%) 
calcd for C84H84N6O18Co3 (1642.36): C, 61.43; H, 5.16; N, 5.12. Found: C, 60.30; H, 
5.01; N, 5.26 %. Selected IR (KBr): ν (cm-1) = 3405(w), 3058(w), 3024(w), 2457(w), 
2361(w), 2342(w), 1950(w), 1706(w), 1608(s), 1569(s), 1545(s), 1503(m), 1426(s), 
1414(s), 1312(w), 1248(w), 1218(w), 1174(w), 1069(w), 1015(m), 985(m), 973(m), 
969(m), 842(m), 830(s), 718(s), 702(s), 683(m), 617(w), 553(s), 433(m). 
[Co2(μ-bpe)3(NO3)3(CH3OH)].(NO3) (12) 
Solvothermal method: A mixture of Co(NO3)2.6H2O (0.058 g, 0.2 mmol) and 
bpe (0.072 g, 0.4 mmol) in 3 mL methanol was heated in a sealed glass tube at 90ºC. 
Cubic pink crystals were formed after 2 days, decanted and dried under vacuo. Yield: 
0.03 g (65%). Elemental analysis (%) calcd for C37H31N10O13Co2 (943.6): C, 47.10; 
H, 3.53; N, 14.84. Found: C, 46.71; H, 3.93; N, 14.15 %. Selected IR (KBr): ν (cm-1) 
= 1609(s), 1553(w), 1504(m), 1471(m), 1384(s), 1304(m), 1219(m), 1067(m), 
1017(s), 974(m), 826(s), 549(s).  
 
3.4.2 Crystal Structure Determination 
Crystallographic data of 7-12 are given in Table 3-11. 
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Table 3-11. Crystallographic data of compounds 7 to 12. 
 
Compounds 7* 8 9 10 11 12 
Formula C32 H34 Co2 N4 O9 C16 H13 Co F3 N2 O4 C14H10N2O2F3Co0.5 C40H32N2O8 Co C84H84N6O18Co3 C18.5H16.5N5O6.5Co 
f.w. 736.49 413.21 324.70 727.61 1642.36 471.8 
T/K 223(2)  223(2) 223(2) 243(2) 293(2) 273(2) 
cryst syst  Monoclinic Triclinic Orthorhombic Orthorhombic Monoclinic Monoclinic 
space group C2 P-1 Pccn Pna21 C2/c P21/c 
a/Å 14.713(1)  8.107(5) 9.089(5)  19.652(2)  18.8858(7)  16.264(2)  
b/Å                              10.978(8) 9.392(5) 17.577(1) 16.797(1) 19.6906(8) 15.064(2) 
c/Å 11.971(9)  11.514(7) 18.649(1) 10.6280(9) 22.5103(9) 16.882(2) 
α/o 90° 98.90(1)° 90° 90° 90° 90° 
/
o
 119.256(1)°. 97.88(1)° 90° 90° 108.93 (1)° 93.476(3) ° 
/
o
 90° 102.79(1)° 90° 90° 90° 90° 
vol/Å
 3 
/ Z                      1687.2(2) /2 831.27(8) / 2 2979.3(3) / 8 3508.3(5) / 4 7918.2(5) / 4 4128.8(9) / 8 
ρ, Mg.cm–3 1.450 1.651 1.448 1.378 1.378 1.518 
 /mm
-1
 1.041 1.089 0.653 0.546 0.695 0.880 
Reflns col. 6010 10805 23063 20666 28045 23091 
Ind. Reflns/ Rint / GooF 3324 /0.0251/1.074 3813 /0.0248/1.051 4311 /0.0457/1.127 6136 /0.0417/1.034 9111 /  0.0325/1.073 7248 /0.0665/1.060 
a
 Final R[I>2 ], R1/ wR2          
                             
       
                                  
 0.0416/0.1034 0.0387/0.1047 0.0656/0.1535 0.0392/0.0799 0.0380/0.0972 0.0868/0.2253 
a






 *Absolute structural parameter was refined with TWIN and  BASF statements as the crystal appears to be a 
racemic twin.
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Photochemical [2 + 2] Cycloaddition 
Reaction in Triple-stranded Coordination 










As reviewed in chapter 1, several photochemical [2+2] cycloaddition reactions 
have been studied in the solid state where a pair of olefinic double bonds aligned 
parallel either in discrete or serial fashion. However, the photoreactivity of a 
compound containing more than a pair of double bonds under Schmidt’s distance 
criterion were rarely investigated.
1
 In such systems, unexpected reactivity has been 
observed without maintaining the single crystallinity. This section describes the 
photochemical study of two compounds, triple stranded coordination polymer (3) and 
hydrogen-bonded zwitter-ionic Pb(II) complex (6). The photoreactivity behavior of 
both compound are current interest because of their structural properties and the way 
the olefinic double bonds are aligned. To the best of our knowledge, hydrogen-bonded 
metal complexes have rarely been used to align the C=C bonds for photochemical 
dimerization reactions. Majority of cases the photoreactivity has been extensively 
study where a pair of isolated double bonds are closer within the distance of < 4.2 Å. 
It will be interesting to investigate the photochemical behavior of 3 having three bpe 
oriented in the coordination polymeric structure.  The results of our investigation are 
presented in this chapter.  
 
4.2 Result and Discussion 
Synthesis and crystal structure of 3 and 6 are described in chapter 2.  The 
olefinic C=C bonds  of three bpe ligands in the 1D strands in 3  are aligned in parallel 
fashion with an equal distances (d1) of 3.93Å between the centre of C=C double 
bonds which satisfies topochemical principle. However, the bpe ligands in the 
adjacent triple-stranded 1D ladders are slip stacked despite parallel alignment with a 
centroid distances (d2) of the C=C double bonds of bpe is 7.614Å, which does not 




conform the topochemical principle (Figure 4-1a). On the other hand, in 6, N–H···O 
hydrogen bonding furnish a zigzag hydrogen-bonded chain with π···π interactions 
between the adjacent pyridyl groups (Figure 4-1b). As a result, the C=C bonds are 
perfectly aligned in parallel fashion with the distance between the centers of the 
adjacent C=C bonds, 3.87 Å, indicating that the double bonds could be photoreactive. 
The photoreactivity of 3 and 6 are described as follows. 
 
Figure 4-1. (a) Two triple-stranded 1D coordination polymers 3 running in parallel 
fashion with minimum centroid-distances (d2) of the C=C double bonds between the 
adjacent 1D ladder is 7.614 Å in 3. (b) A portion of the zigzag hydrogen-bonded 
polymer 6. The distance between the centers of the adjacent C=C bonds in 6 is 3.87 
Å. 
 
4.2.1 Photodimerization Reaction of 3 in the Solid State 
When the single crystals were subjected to UV light for a period of 40 min, the 
crystals of 3 undergoes photochemical reaction to produce rctt-tpcb in 67 % yield, as 






H NMR spectroscopy, and preserve the transparency of the crystals, as 
revealed by the optical microscopy. However, the single crystallinity was not 







H NMR spectra of 3 in DMSO-d6 (a) before UV irradiation and (b) 
ground crystals after 40 h irradiation (rtct-tpcb, 100%). 
 
The crystal structure and the alignment of double bond in 3 are described in 
chapter 2. In 3, only a bpe pair is expected to undergo [2+2] cycloaddition reaction 
and the third coordinated bpe ligand is likely to remain unreacted in the crystal lattice. 
Hence, the observed percentage of rctt-cyclobutane derivative (67%) is exactly 




matches the expected value based on the crystal structure.  When the single crystals 
were ground to powder and subjected to UV irradiation for a period of 1 h, only 40% 
photo-conversion was observed. However, when the ground powder sample was 
irradiated for a period of 40 h, 100% conversion was observed. The 
1
H NMR 
spectrum (Figure 4-2) of the irradiated product when dissolved in DMSO-d6 shows 
complete disappearance of the olefinic protons at 7.53 ppm, the appearance of 
cyclobutane protons at 4.65 ppm and the corresponding shifts in the bipyridyl protons 
from 8.60 and 7.61 ppm to 8.32 and 7.22 ppm.
 
Quantitative photoreactivity of the 
powdered sample compared to the single crystal behavior is quite unexpected based 
on the crystal packing in 3. 
 In order to understand the unusual reactivity of 3, photoreaction of single 
crystals and ground single crystal (manually ground for 1 min, XRPD pattern as 
shown in Figure 4-3) was monitored by 
1
H NMR spectroscopy at various time 
intervals. A plot of percentage conversion versus time displayed in Figure 4-4 clearly 
reveals that the photoreaction occurs in two-steps in both single crystal and powdered 
samples.  
 
Figure 4-3. XRPD patterns of 3 (a) simulated (b) ground crystals. The ground crystals 
show some discrepancy including an extra peak (*). Hence, phase change due to grinding 
cannot be ruled out. This is also supported by differences in their photoreactivity under 
UV light. 
 











Figure 4-4. Plots of the product formed versus time for single crystal (black) and 
ground single crystal (red). 
 
It is interesting to find that the single crystals react faster in the initial stage, 
produces 67% dimer after 1 h of UV irradiation, but with cracks appeared and found 
to disintegrate to microcrystalline particles upon further exposure of UV light. The 
yield of rctt-tpcb steadily increases and reached 100% in 60 h. The formation of rctt-
tpcb appears to be accompanied by the molecular movements and repacking of its 
lattice contents. The reorganization of adjacent strands may be necessary to reduce the 
strain caused by the partial formation of cyclobutane derivative 
3
 in the triple-stranded 
polymer. Further, the resulting repacking appears to involve the parallel alignment of 
the unreacted bpe ligands. This will also promote π···π interactions which may be 
responsible for its stability. Hence, the prolonged UV irradiation of 3 has resulted in 
the formation of 100% rtct-tpcb derivative. Such movements of 1D coordination 
polymers in the crystals have been noted before.
 4
 





Scheme 4-1. Schematic diagram representing the possible photoreaction pathways of 
3 in the initial step. 
 
Schematic diagram (Scheme 4-1) representing the possible photoreaction 
pathways of 3 in the initial step (67% rtct-tpcb dimer).  The first step of 
photodimerization, which furnished 67% of the product, can occur in more than two 
ways. In the first mechanism, the cycloaddition takes place in a highly orderly fashion 
between the top two strands and all the bpe ligands in the third strand are left 
unreacted. This pathway requires the top strand of the next adjacent strand to contain 
all of the unreactive bpe ligands. In other words, only if the bottom two strands of the 
adjacent polymers undergo cyclization reaction completely, the remaining unreacted 
bpe between the adjacent triple strands undergo dimerization in the second step to 
give the expected 100% cyclobutane derivative.  
In the second pathway, the dimerization reaction occurs between any bpe pairs 
in the triple strand either randomly or alternately. This will require cooperative 
movements of all of the 1D CPs in the lattice to establish π···π contacts to increase the 
stability of this intermediate product. Thus, the 33% unreacted bpe pairs are well 
aligned in parallel on the  top and bottom of the adjacent strands at the end of the first 




step, which satisfy the Schmidt criteria and allow it to undergo photodimerization 
reactions. Although both of the proposed reaction pathways are equally probable, the 
second pathway, as shown in Scheme 4-2, may be preferable from a thermodynamic 















Scheme 4-2. The plausible photodimerization pathway in 3. The bpe ligands in the 
adjacent strands are shown in green. (a) Packing in 3, (b) random dimerization 
between the C=C bonds in each strand, (c) reorganization at the end of first step (67% 
conversion) to re-align the remaining double bonds and (d) 100% photodimerized 
product. 
 
4.2.2 Photodimerization Reaction of 6 in the Solid State  
The powdered crystalline complex 6 was subjected to UV irradiation for a 





as shown in Figure 4-5 and 4-6 and 
13
C NMR spectra (Figure A-7 in Appendix) of the 
irradiated product (13) (Scheme 4-3). The 
1
H NMR spectrum (Figure 4-6) of 13 in 
DMSO-d6 shows complete disappearance of the olefinic protons at 7.75 ppm and the 
appearance of cyclobutane protons at 4.85 ppm and a shift in the signals of the 




bipyridyl protons from 8.74 and 7.84 ppm to 8.47 and 7.43 ppm, indicating the 




Scheme 4-3. Schematic diagram showing the photoreaction of 6 and elimination of 







-MS (m/z) of 13 in MeOH, [rctt-tpcbH]
+
 m/z (%) : 365.1(100). 
 








H NMR spectra of powdered crystalline complex 6: (below) before UV 
irradiation (above) after UV irradiation. 
 
The single crystals of 6 became a gel after irradiation for 1–5 h, but became a 
powder after 12 h exposure to UV irradiation (Figure 4-7). The gel-like material has 
TFA as confirmed by ESI
-
-MS analysis (refer Appendix Figure A-14). The formation 
of TFA during the photodimerization reaction can only be explained by the transfer of 
a proton from bpe–H+ to the CF3CO2
–
 ligand (Scheme 4-3). 





Figure 4-7. (a) Single crystal of 6 (b) Single crystals of 6 before UV irradiation (c) 
single crystals of 6 after UV irradiation (inset shows the presence of TFA droplets). 
 
Recrystallization of photodimerized product (13) in methanol yielded yellow 
half-sphere single crystals with diamond-like facets of [Pb(rctt-tpcb)(O2CCF3)2] (14) 
with huge cubic unit cell (V = 42321.0(8) Å
3 and Z = 48). The molecular structure 
and connectivity in 14 is more or less predicted from the structure of 6 after the 
elimination of TFA. The fundamental unit of 14 is shown in Figure 4-8. The bond 
lengths and angle are given in the Table 4-1. In 14, the Pb(II) has highly distorted 
hemidirected trigonal bipyramidal coordination with the axial positions occupied by 
the oxygen atoms of the CF3CO2
–
 anion and the equatorial positions by two nitrogen 
atoms from two tpcb ligands along with an active lone pair. The presence of lone pair 
at the Pb(II) is also supported by large deviation of ideal angles for the trigonal 
bipyramidal shape for N1-Pb(1)-N1(z+3/4, -y+7/4, x-3/4) angle (73.3(4)°) and O1-
Pb-O1(z+3/4, -y+7/4, x-3/4) angle, (159.2(6)°). Each tpcb ligand is bridging two 
Pb(II) ions through two N atoms and two more pyridyl rings are non-bonded with the 
expected rctt stereochemistry at the cyclobutane ring. The bond length, angles and 
torsional angle of cyclobutane ring in Table 4-2 indicate the ring is not puckered 




(puckering analysis by PLATON since <Tau> = 2.9 < 5.0 Deg). This connectivity 
results in a highly corrugated 1D coordination polymeric structure as shown in Figure 
4-9. However, the pyridyl rings in the 1,2-positions of the cyclobutane rings are 
involved in the connectivity rather than the expected 1,3-positions based on the 
packing of 6. This re-organization in connectivity is due to the influence of 
recrystallization conditions and M-L lability. 
 
Figure 4-8. (a) A perspective view of the portion of 14 and geometry at the Pb(II) 
ions.  
 
Table 4-1. Selected bond lengths (Å) and bond angles (°) in 14. 
Pb(1)-O(1)
a
  2.457(12) O(1)-Pb(1)-N(1)
a
 82.1(3) 
Pb(1)-O(1)  2.457(12) N(1)-Pb(1)-N(1)
a
 73.3(4) 











Symmetry transformations used to generate equivalent atoms:  
a = z+3/4,-y+7/4,x-3/4    b =  x+0,-y+2,-z+1/2       
  
Table 4-2. Bond distances (Å), angles and torsion angles (°) of cyclobutane ring in 
14. 




























-C(6)-C(7) 90.5(5)   
Symmetry transformations used to generate equivalent atoms:  
a = z+3/4,-y+7/4,x-3/4    b =  x+0,-y+2,-z+1/2       





Figure 4-9. A portion of the 1D coordination polymeric structure of 14. Acetate 
ligands are omitted for clarity. 
 
A mixture of [Pb(rctt-tpcb)(O2CCF3)2] (14) crystals and cream colored long 
blocks of [Pb(rcct-tpcb)(O2CCF3)2] (15) were obtained after four days by diffusing 
diethylether into a methanolic solution of photodimerized product (Figure 4-10). The 
crystal structure determination of 15 revealed that the molecular formula is the same 
as 14 (i.e. polymorph) but the connectivity and stereochemistry at the tpcb ligand is 
completely different as displayed in Figure 4-11.  The bond lengths and angle are 
given in the Table 4-3. 
 
 
Figure 4-10. Microscopic images of single crystals of (a) 14 and (b) 15. 
 





Figure 4-11. (a) A perspective view of the repeating unit in 15 (left) and (b) 
stereochemistry at the cyclobutane ring (right). 
 
Table 4-3. Selected bond lengths (Å) and bond angles (°) in 15. 
Pb(1)-O(1) 2.568(7)     O(1)-Pb(1)-O(3)          153.3(3)        
Pb(1)-O(3)  2.414(5)     O(1)-Pb(1)-N(1)           77.2(2)        
Pb(1)-N(1)  2.501(4)     O(1)-Pb(1)-N(2)           88.9(6) 
Pb(1)-N(2)  2.551(6) O(1)-Pb(1)-N(3)           86.1(5) 
Pb(1)-N(3)  2.718(1)      O(1)-Pb(1)-O(2)
b
         127.1(1)       
O(3)-Pb(1)-N(1)           76.1(3) O(3)-Pb(1)-N(2)           84.7(7)        
O(3)-Pb(1)-N(3)           86.2(4)       O(3)-Pb(1)-O(2)
b
          76.4(9) 
N(1)-Pb(1)-N(2)           74.2(1)        N(1)-Pb(1)-N(3)           75.3(6) 
N(1)-Pb(1)-O(2)b         141.4(7) N(2)-Pb(1)-N(3)          149.5(0)        
N(2)-Pb(1)-O(2)b          76.7(8)        N(3)-Pb(1)-O(2)
b 
        128.9(2) 
Symmetry transformations used to generate equivalent atoms:  




Table 4-4. Bond distances (Å), angles and torsion angles (°) of cyclobutane ring in 
15. 
C(21)  -  C(22)
e
        1.548(8) C(24)-C(21)-C(22)
e 
        89.9(7) 
C(22)  -  C(23)
f  




         87.6(6)        
C(21)  -  C(24)     1.561(6 )     (24)c-C(23)-C(22)
g
         90.0(6)        
(23)  -  C(24)c        1.555(5 )     C(21)-C(24)-C(23)
d  





         -17.1(5) C(22)e C(21)  C(24)  C(23)
d
          17.1(3) 
Symmetry transformations used to generate equivalent atoms:  
c = 3/2-x,-1/2+y,1/2-z; d =  3/2-x,1/2+y,1/2-z; e =  1-x,2-y,1-z; f = -1/2+x,3/2-
y,1/2+z; g = 1/2+x,3/2-y,-1/2+z                                             
 




The stereochemistry of the tpcb cyclobutane ring in 15 is rcct-tpcb which is 
surprisingly different from that observed in 14. The bond distance, angles and torsion 
angle of cyclobutane ring is given in Table 4-4. The torsion angle indicates that the 
rcct-tpcb ring is puckered. The Pb1 displayed distorted hemidirected square pyramid 
geometry. Three pyridyl rings of the rcct-tpcb ligand are bonded intermolecularly to 
three Pb(II) ions, while the fourth pyridyl ring with N4 atoms is uncoordinated. Two 
pyridyl rings containing N1 and N2 atoms from two rcct-tpcb ligands are bonded to 
two Pb(II) ions [Pb(1)-N(1) 2.501(4) Å and  Pb(1)-N(2) 2.551(6) Å] forming a dimer 
which has a square grid shape. The third pyridyl ring containing N3 connects these 
squares by bonding to the neighboring Pb(II) ions [Pb(1)-N(3) 2.718(1) Å] to provide 
a T-shaped geometry at the metal center. Two trifluoroacetate ligands coordinated to 
Pb1 in monodentate fashion [Pb(1)-O(1) 2.568(7) Å and Pb(1)-O(3) 2.414(5) Å] and 
situated in the axial position to the PbN3 core and forming a highly corrugated 2D 
coordination polymer in the (101) plane as shown in Figure 4-12. The overall 2D 
coordination polymeric structure can be described as zigzag folded origami made 
from a sheet. The bottom edges of the squares are bonded to the adjacent rows 
alternately to form this 2D coordination polymeric sheet with the layer thickness of 
8.7 Å (distance between Pb1 and C24) as shown in Figure 4-12a and Figure 4-12b. 
This generates larger ring linked by the edges of four squares which are parallel to the 
b-axis and empty spaces are occupied by the free non-bonded pyridyl rings of the 
rcct-tpcb ligands. It forms a 3-connected binodal network containing tetragon and 
octagon. The active lone pair probably situated to the trans position of the shortest 
Pb1-N1 bond as observed for coordination polymers in chapter 2. 





Figure 4-12. (a) A portion of the 2D coordination polymeric structure in the (101) 
plane and (b) viewed from b-axis. The hydrogen atoms and CF3CO2
–
 anions are not 
shown for clarity. (c) Simplified schematic representation of 2D coordination polymer 
in 15. There two circuits in the 3-connected binodal 2D net, contains a tetragon and 
hexagon associated with tpcb (green) and Pb (black). (d) Viewed from b-axis. 
 
4.2.3 Isomerization Reaction of Photodimerized Product (13) in Solution 
Despite the change in the connectivity between the tpcb ligand and Pb(II) 
anticipated during crystallization, the change in the stereochemistry at the cyclobutane 
ring is rather unexpected. The 
1
H NMR spectrum of a fresh solution of 6 in DMSO-d6 
shows chemical shifts at 8.47 (doublet), 7.43 (doublet) and 4.85 ppm due to the rctt-
tpcb isomer only. However, signals due to the rcct-tpcb and rtct-tpcb isomers start 
appearing on standing the solution at room temperature for two days and a 
1
H NMR 
spectrum recorded after four days is shown in Figure 4-13. The 
1
H NMR spectrum 
clearly indicates the formation of the rtct-tpcb isomer (peaks labeled b) from the 
chemical shifts at 8.52 (doublet) and 7.44 (doublet, overlapped with c) and 3.88 
(singlet) ppm respectively. The chemical shifts are in good agreement with the 
reported data.
6, 9-10
 On the other hand, the chemical shift pattern of the rcct-tpcb 
isomer (c) is rather complex due to the low symmetry of the isomer. For this rcct-tpcb 




isomer (c) the expected six doublets from the pyridyl groups in the range 6.98–8.58 
ppm and three triplets from the cyclobutane C–H protons in the range 4.50–5.09 ppm 
are also observed. 
 
Figure 4-13. 4 
1
H NMR spectrum of the photodimerized product of 13 in DMSO-d6 
recorded after four days. The inset shows the structures of cyclobutane isomers rctt 
(a), rtct (b), rcct (c). 
 
Contamination of TFA in the solution containing photoconverted product 13 is 
suspected to have catalyzed the conversion of rctt-tpcb to other stereoisomers. A 
small amount of TFA was added to the fresh solution of 13 in MeOH-d4 and the 
intensities of the signals due to rtct-tpcb and rcct-tpcb isomers were found to increase 
by 10% in the 
1
H NMR spectrum, as compared to the unadulterated solution after two 
days (Figure A-10 to A-12). It appears that the protonation of the free pyridyl nitrogen 
atom in the tpcb ligand is responsible for the isomerization of rctt-tpcb. 




The isomerization of rctt-1,2,3,4-tetrakis(4-methyl-4-pyridinium)-cyclobutane 
and similar cyclobutane derivatives were investigated by Horner and Hünig.
6-7 The 
strain associated with a four membered ring contributes to the inherent reactivity in 
solution.
5
 Alkylation of the pyridyl ring followed by deprotonation–reprotonation by 
the base and aqueous acid produced a mixture of the two steroisomers.
6
  The 
mechanism involved in the isomerization of 13 may be very similar to that discussed 
by these authors. The di-protonated rctt-tpcb ring of 13 in solution is expected to 
prompt a similar rearrangement in solution. Reprotonation of the cyclic conjugated 
intermediate is expected to produce the rcct-tpcb isomer and further similar reaction 
to produce the rtct-tpcb isomer. Our preliminary experiments show that such 
isomerization does not occur in [{(F3CCO2)(µ-O2CCH3)Zn}2(rctt-tpcb)]
8
 on the 
addition of TFA, indicating that free uncoordinated pyridyl nitrogen is essential for 
protonation which subsequently leads to isomerization reactions. Horner and Hünig 
have observed the cyclobutane ring can be cleaved to butadiene derivatives by heating 
the compound to 40 ºC in CH3CN solution as well as during the recrystallization of 
1,3-diphenyl-2,4-(4-methylpyridinium)-cyclobutane in water.
6
 When attempted to 
grow single crystals from CH3CN solution, white solid was precipitated after five 
days. The 
1
H NMR spectrum of this white solid dissolved in DMSO-d6 surprisingly 
shows the presence of bpe along with rtct-tpcb isomer (see Appendix Figure A-13). 
X-ray structure determination of a single crystal separated from this solid mixture 
confirmed the formation of 6 which accounts for the observed signals from bpe in the 
1
H NMR spectrum discussed above. 
4.2.4 Pb···N and Pb···O Interactions in 14 and 15 
If we consider the weak bonding interactions, Pb···N in 14 and Pb···O in 15, 
the 1D and 2D networks transform to 3D networks. In 14, the corrugated 1D 




coordination polymers are running along the two direction as shown in Figure 4-14, 
along a and b-axis. In the adjacent 1D coordination polymers Pb1 atoms interact with 
nitrogen atoms of the non-coordinated pyridyl ring through strong Pb···N interaction 
[Pb(1)-N(2) 2.832(10) Å and Pb1-N2-cent(pyridine ring) 144.70°] forming a 3D 
network in the large cubic unit cell along b-axis as shown in Figure  4-14c.  
 
Figure 4-14. 1D coordination polymers of 14 running (a) along a-axis (b) along b-
axis having Pb···N interaction. (c) The unit cell packing shows a 3D network through 
Pb···N interaction. Trifluoroacetate ligands, C-H hydrogen atoms are omitted for 
clarity. 
 
If we consider Pb···N interaction in 14, it forms a binodal 4-connected network 
(two nodes, that is square planar rctt-tpcb and square planar Pb(II) center) as shown in 
Figure 4-15. The point (Schlafli) symbol for net is {4.63.82}.{4.65}-that is the smallest 




circuit (n) containing tetragon, hexagon and octagon associated with tpcb nodes. On 
the other hand, tetragon and hexagon are associated with Pb metal nodes. The vertex 
symbol associated with tpcb node is [4.6(2).6(2).6(2).8(3).8(3)] and related to Pb 
metal node is [4.6.6.6.6.6(2)].
9
 The point and vertex symbol in tpcb indicate the 









 The binodal network in 14 generates hexagonal channels as shown in 
Figure 4-15b. These channels are vacant and the total potential solvent volume per 
unit cell is 24.3% [2321.0 Å
3
] as calculated from PLATON analysis. 
               
(a)                                                       (b) 
Figure 4-15. (a) A binodal 4-connected 3D network in 14 through Pb···N interaction 
(b) This 3D network contains hexagonal channels. 
 
In 15, the corrugated 2D coordination polymers are stacked along b-axis 
(Figure 4-10a). They are interacting through strong Pb···O bonds [Pb(1)-O(2)
b
 
2.882(1) Å and symmetric code, b = 1/2-x,1/2+y,1/2-z, C(25)-O(2)-Pb(1)
a
 158.55º 
and symmetric code a = 1/2-x,-1/2+y,1/2-z] between the Pb1 and oxygen atom from 
one of the trifluoroacetate ligand. This interaction in 15, results the 2D sheet in to a 
3D network as shown in Figure 4-16b. The topology of the network is calculated by 
connecting the Pb atoms, tpcb and the bridging oxygen atom. Hence, the 15 forms 3-




nodal, 2-connected, 3-connected and 6-connected 3D network contains three vertex 





.10}{8}. The PLATON analysis shows that there is no solvent accessible 
void in the unit cell of this structure, because the voids are occupied with non-
coordinated tpcb pyridyl rings and F3C- group from trifluoroacetate ligands.   
 
Figure 4-16. (a) A perspective view of the packing in corrugated 2D coordination 
polymers (b) the bridge (blue) indicates the Pb-O bonding interaction (3-nodal) result 
in 3D network in 15. 
 
4.3 Summary 
The well-aligned olefinic C=C bonds in 2 and 6 have been investigated for 
their photoreactivity in the solid state. Although photochemical [2+2] cycloaddition 
reaction has been studied in pair of C=C double bonds, the photoreaction has not been 
investigated in the coordination polymers having more than a pair of C=C bonds. 
Here the photoreaction of three C=C bonds in a three-stranded ladder coordination 
polymer (2) produce rctt-tpcb isomer quantitatively through two step process. Here, 
Schmidt’s topochemical postulate has been used as a guide to rationalize the observed 
photoreactive behavior. The 67% photodimerization in the first step is proposed to 
occur between the bpe pairs of the triple-stranded coordination polymer randomly or 




orderly and accompanied by movements of the adjacent strands cooperatively to 
establish π···π interactions between 33% of the remaining unreacted bpe pairs in the 
interstrands. The formation of the 100% photodimerized product can easily be 
understood from this proposed intermediate structure. Although anisotropic 
movements of coordination polymers have been observed before, such movements of 
1D coordination polymers induced during the photochemical reaction appear to be 
unique and highlight a new paradigm of cooperativity among the polymeric strands 
during photochemical reactions.  
Even though the strength and directionality of hydrogen-bonding is precisely 
used in aligning the C=C bond for photoreaction of bpe, the photoreactivity has not 
been explored in hydrogen-bonded metal complexes before. Quantitative 
photodimerization reaction occurs when zwitter-ionic complex (6) subjected to UV 
radiation. The photochemical [2+2] cycloaddition is accompanied by the transfer of 
proton from bpe–H+ to the CF3CO2ˉ ligand followed by the elimination of TFA from 
the Pb(II) complex. Proton transfer reactions are of crucial importance for energy 
conversion in many biological systems and play an important role in the basic process 
of energy transduction in photosynthesis.
10
 In this context, the photodimerization 
reaction induced proton transfer observed here may be significant and relevant to 
photosynthesis and photobiology. The significant finding of the current investigation 
is the acid-catalyzed isomerization reaction of tpcb isomers in metal complexes. We 
found that the isomerization occurs only in the presence of acid and requires 
uncoordinated pyridyl ring. The effect of TFA in isomerization reaction of tpcb rings 
investigated in detail and described later in chapter 6. Two coordination polymers are 
crystallized with same molecular formulae but different cyclobutane isomers and 
connectivity. We have presented first time the crystal structure of the rcct-tpcb in a 




Pb(II) complex. Those two MOF contains Pb···N and Pb···O weak bonding interaction 
which transform the net to 3D networks.
†
 The analysis shows that MOF14 is open 
stable framework that contains 24% voids space.  
† The acid catalysis requires free pyridyl nitrogen atoms and have the structural description of 
14 and 15 were discussed with and without the additional weak interactions. 
4.4 Experimental  
4.4.1 UV Irradiation of 3 and 6 
UV Irradiation of 3:10 mg of the ground crystals was packed in between the two 
pyrex glass slides and irradiated for 40 h (Luzchem photoreactor) using the 





H NMR (300 MHz, DMSO-d6, 298K, TMS):  8.32 (d, 8H, -pyridyl 
proton), 7.22 (d, 8H, -pyridyl proton), 4.65 (s, 4H, -cyclobutane proton), 1.73(s, 
6H, CH3-CO2). Elemental analysis (%) Calcd for C48H36N6O12F12Pb3 (1738.43): C 
33.16; H 2.09, N 4.83.; found: C 32.38, H 2.50, N 4.54. Selected IR (KBr): ν (cm-1) 
3424(w), 2461(w), 2366(w), 1949(w), 1681(s), 1603(s), 1554(s), 1419(s), 1344(m), 
1205(s), 1184(s), 1132(s), 1069(m), 1005(s), 934(w), 827(s), 800(m), 769(w), 
723(m), 667(m), 603(w), 551(s), 518(w), 472(w). UV irradiation of single crystal 3: 
Single crystals of 3 were irradiated for 1 h (Luzchem photoreactor, all lamps) using 
the wavelength 350 nm. The crystal shows 67% conversion with maintaining the 
transparency of the crystal as shown in Figure A-5 in Appendix. 
1
H NMR spectra of 
40 min irradiated single crystal as shown in Figure A-6.  
UV Irradiation of 6: 10 mg of the crystalline powder was packed in between two 
pyrex glass slides and irradiated for 12 h (Luzchem photoreactor) using the 
wavelength 350 nm. 1H NMR (300 MHz; DMSO-d6; 298 K, TMS) δH 8.47 (d, 4H, -




pyridyl proton), 7.43 (d, 4H, -pyridyl proton), 4.85 (s, 4H, CH–CH). 13C NMR (300 
MHz, DMSO-d6, 298K, TMS) δC13 151.52 ( -pyridyl carbon), 146.57 ( -pyridyl 
carbon), 124.34 ( -pyridyl carbon), 44.48 (C-C) ESI+-MS: (m/z): (%): 365.1(100) for 
[rctt-tpcbH]+. Selected IR (KBr, cm-1): ν = 3446(m), 3096(w), 1682(s), 1638(m), 1606(m) 
1507(m) 1428(m), 1206(s), 1133(s), 836(m), 802(m), 723(m), 548(w). 
 
4.4.2 Isomerization Reaction of 13  
The photodimerized product (13) in 5 mL DMSO-d6
 
after 4 days shows all the 
three isomers. 
1H NMR (300 MHz, 298K, TMS): δH 8.58 (d, 2H, -pyridyl proton, 
rcct), 8.52 (d, 8H, -pyridyl proton, rtct), 8.35 (dd, 4H+ 8H, -pyridyl proton, rctt and 
rcct overlaps), 8.13 (d, 2H, -pyridyl proton, rcct), 7.70 (d, 2H, -pyridyl proton, 
rcct), 7.44 (d, 8H, -pyridyl proton, rtct), 7.25 (d, 8H, -pyridyl proton, rctt), 7.18 (d, 
4H, -pyridyl proton, rcct), 6.98 (d, 2H, -pyridyl proton, rcct), 5.09 (t, 1H, CH-CH, 
rcct), 4.69 (s, 4H, CH-CH, rctt), 4.63 (t, 1H, CH-CH, rcct), 4.50 (t, 2H, CH-CH, rcct), 
3.88 (s, 4H, CH-CH, rtct) 
13
C NMR (DMSO-d6, 300 MHz, 298K): δC13 151.52 ( -
pyridyl carbon, rctt), 151.21 ( -pyridyl carbon, rcct), 149.00 (( -pyridyl carbon, c), 
147.42 ( -pyridyl carbon, rtct), 148.06 ( -pyridyl carbon, rctt) 125.87 ( -pyridyl 
carbon,c), 124.64 ( -pyridyl carbon, rctt), 123.69 ( -pyridyl carbon, rtct), 48.74 (C-C, 
rtct), 45.42 (C-C, rcct), 44.36 (C-C, rctt). 
4.4.3 Synthesis of Complexes from tpcb Isomers 
[Pb(rctt-tpcb)(O2CCF3)2] (14) and [Pb(rcct-tpcb)(O2CCF3)2] (15) 
Diethylether was layered over 2 mL methanolic solution of the irradiated 
powder 13. A mixture of yellow crystals with diamond-like faceted (14) and creamy 
long blocks crystals (15) were formed after four days. (14): Selected IR (KBr, cm
-1
):  




= 3422(m), 3064(w), 2925(w), 1683(s), 1654(m), 1602(m), 1559(w), 1418(m), 
1183(s), 1134(s), 1068(w), 1001(w), 834(m), 720(m), 553(w). Creamy long blocks 
(15): Selected IR (KBr, cm
-1
):  = 2926(w), 2326(w), 1676(s), 1605(s) 1559(m) 
1428(m), 1197(s), 1131(s), 1066(m), 1009(m), 828(m), 723(w) 558(w). 
4.4.4 Crystal Structure Determination 
Crystallographic information of 14: The F atoms in CF3 group were found to be 
disordered. Two models were resolved and DFIX option was used to constraint the 
geometry. The occupancy was fixed at 0.5 and not refined. The 13 restraints in CIF 
were due to this. 
Crystallographic information of 15: The F atoms in the two CF3 groups were 
disordered. Two disordered models were resolved with fixed occupancy of 0.5 and 
included in the refinement cycles. Only isotropic thermal parameters were refined for 
these F atoms. The 90 restraints in CIF were due to this. 
Table 4-5. Crystallographic data of compound 14 and 15. 
 
Compound 14 15 
Formula C28 H20F6N4O4Pb C28H20F6N4O4Pb 
f.w. 797.67 797.67 
T/K 293(2) 296(2) 
Cryst. Syst. Cubic Monoclinic 
Space group Ia-3d P2(1)/n 
a/Å 34.849(4) 15.807(8) 
b/Å 34.849(4) 10.199(5) 
c/Å 34.849(4) 18.289(2) 
α/o 90 90 
/
o
 90 95.518(2) 
/
o
 90 90 
vol/Å
 3 
/ Z 42321.0(8) / 48 2935.1(3)/4 
ρ, Mg.cm–3 1.502 1.805 
 /mm
-1
 4.849 5.826 
Reflns col. 118018 16990 
Ind. Reflns/ Rint / GooF 3110 / 0.1476 / 1.051 5168 / 0.0444 / 1.018 
a
 Final R[I>2 ], R1/ wR2 0.0575 /  0.1584 0.0429 / 0.1010 
Largest diff. peak and hole/ e.Å-3 1.139 and -0.572 1.081 and -0.675 
a
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In chapter 1, molecular motion in crystals induced by light and external forces 
were outlined. MacGillivray et al. have elegantly exploited the strength and 
directionality of the hydrogen bonds in organic molecular assemblies to align a pair of 
C=C bonds in bpe.
1
 Our laboratory has been investigating the photoreactivity in the 
coordination polymers.
2
 However, solid-state photoreaction hydrogen-bonded metal 
complexes are uncommon. In the previous chapter, we have observed photoreaction 
in a hydrogen-bonded zwitter-ionic metal complex. This provided an opportunity to 
understand the solid-state reactivity in detail. This chapter describes the results on the 
solid-state photoreactivity of two hydrogen-bonded Zn(II) metal complexes, which 
contain more than a pair of olefinic C=C bonds aligned in parallel or criss-cross 
fashion and a hydrogen-bonded Zn(II) 1D coordination polymer in which three C=C 
bonds are aligned in parallel fashion. 
The current study is focused in gaining knowledge on (i) how does the 
photoreaction occur in more than a pair of C=C bonds? (ii) will these metal 
complexes undergo molecular motion induced by light? To answer these questions, 
we have carried out the structural and photochemical study of these hydrogen-bonded 
metal complexes. In these two hydrogen-bonded metal complexes, 
[Zn(bpe)2(H2O)4](NO3)2·8/3 H2O·2/3 bpe (16) contains six bpe aligned in parallel and 
criss-cross orientation. The second compound [{Zn(H2O)3(bpe)2}2(bpe)](NO3)4·4bpe· 
4H2O (17) is known metal complex 
3
 which is reproduced to study the photochemical 
[2+2] cycloaddition in the solid-state. The olefinic C=C bonds are aligned closely 
(C=C center-to-center < 4.0 Å)
4
 in the above two compounds and photochemical 
study was conducted systematically.  In addition, controlled experiments were carried 
out using NMR, optical spectroscopies and thermal analysis.  
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5.2 Results and Discussion 
 
5.2.1 Synthesis of Metal Complexes 
Scheme 5-1 summarizes the synthesis of 16 and 17. Single crystals of 
[Zn(bpe)2(H2O)4](NO3)2·8/3 H2O·2/3 bpe (16) were grown by diffusing a methanolic 
solution of bpe into an aqueous solution of Zn(NO3)2 6 H2O in the ratio of 2:1. 
However the single crystals of [{Zn(H2O)3(bpe)2}2(bpe)](NO3)4·4bpe·14H2O (17) 
were synthesized based on the reported procedure.
3
 Although similar reactants and 
ratio were used to synthesize 16 and 17, the effect of different solvent combinations 
and the reaction conditions produce two different hydrogen-bonded Zn(II) metal 
complexes.  
 
Scheme 5-1. Schematic diagram summarizing the formation of 16 and 17. 
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5.2.2 Structure of [Zn(bpe)2(H2O)4](NO3)2 8/3 H2O 2/3 bpe (16)  
X-ray crystallography revealed that 16 contains 1D hydrogen-bonded chains 
of complex cations, [Zn(bpe)2(H2O)4]
2+
. For Z = 1 in the triclinic space group, the 
asymmetric unit of 16 contains one and a half formula units (Figure 5-1). Selected 
bond distances and angles are shown in Table 5-1.  
 
Figure 5-1. A perspective view of the unit cell contents in 16. 
 
A Co(II) complex isotypical to 16  has been reported by Jung and co-workers.
5
 
There are two  Zn(II) metal ions in the molecular unit. Each Zn(II) ion in the 
[Zn(bpe)2(H2O)4]
2+
 ion has an N2O4 coordination environment. Crystallographic 
inversion center is present at the Zn1 metal center. The bond angles vary from 86.07º 
to 97.13º, suggest that the octahedral geometry is distorted slightly in Zn2. The Zn1 
and Zn2 are strongly coordinated to N atoms [Zn(1)-N(1)
a
 2.147(2); Zn(2)-N(2) 
2.112(2) and Zn(2)-N(3) 2.123(2) Å] of two bpe ligands in with two bpe ligands in 
trans fashion which leaves two imine N atoms from each cation uncoordinated. These 
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free N atoms form O H N hydrogen bonds [O1-H1A N4 2.729; O4-H4A N6 
2.785 and O6-H6B N5 2.758 Å] with one of the hydrogen atoms of the neighboring 
water molecules to give a hydrogen-bonded 1D polymer (Figures 5-2 and Figure 5-3). 
As a result, the bpe pairs are aligned in the strands closely. For example, the distance 
between the centers of C=C bonds in the hydrogen-bonded strand containing Zn1 
atoms is 3.796 Å (Figure 5-2a and Figure 5-2b) and the C=C bonds are aligned in 
parallel. On the other hand, adjacent C=C bond pairs are criss-crossed in the strand 
containing Zn2 atoms with a distance of 3.836 Å between the centers of the C=C 
bonds (Figure 5-3a and Figure 5-3b).  
 




 2.087(2) N(11)-O(14)    1.235(3) O(5)-Zn(2)-O(3) 173.8 (1) 
Zn(1)-O(1)  2.087(2) N(11)-O(13)    1.236(3) N(2)-Zn(2)-O(3) 87.90(9) 
Zn(1)-O(2
)a
 2.122(2) N(11)-O(15)    1.238(3) O(6)-Zn(2)-O(3)    86.1(1) 
Zn(1)-O(2)  2.122(2) O(1)
a
-Zn(1)-O(1)   92.12(1) O(5)-Zn(2)-N(3)  91.47(9) 
Zn(1)-N(1)  2.147(2) O(1)
a





-Zn(1)-O(2) 180.00 O(6)-Zn(2)-N(3) 89.78(9) 
Zn(2)-O(5)  2.083(2) O(1)
a
-Zn(1)-N(1)    90.81(9) O(3)-Zn(2)-N(3) 89.62(9) 
Zn(2)-N(2)  2.112(2) O(1)-Zn(1)-N(1) 89.19(9) O(5)-Zn(2)-O(4) 89.0 (1) 
Zn(2)-O(6)  2.116(2) O(2)
a
-Zn(1)-N(1)  88.19(9) N(2)-Zn(2)-O(4)   89.48(9) 
Zn(2)-O(3)  2.122(2) O(2)-Zn(1)-N(1)  91.81(9) O(5)-Zn(2)-O(3) 173.8 (1) 




  89.19(9) N(2)-Zn(2)-O(3)    87.90(9) 
Zn(2)-O(4)  2.137(2) O(1)-Zn(1)-N(1)
a





  91.81(9) O(5)-Zn(2)-N(3)   91.47(9) 
N(9)-O(8) 1.215(4) O(2)-Zn(1)-N(1)
a
  88.19(9) O(6)-Zn(2)-O(4)  175.3 (1) 
N(9)-O(7) 1.239(5) N(1)-Zn(1)-N(1)
a
  180.00 O(3)-Zn(2)-O(4) 97.1 (1) 
N(10)-O(10) 1.213(3) O(5)-Zn(2)-N(2) 91.42(9) N(3)-Zn(2)-O(4)   86.83(9) 




   92.12(1) 
N(10)-O(12) 1.236(3) N(2)-Zn(2)-O(6) 94.07(9) O(1)-Zn(1)-O(2)
a
  87.8 (1) 
Symmetry transformations used to generate equivalent atoms:  a = -x,-y+1,-z+1 
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Figure 5-2. The hydrogen-bonded strands formed by Zn1 viewed approximately 
along the a-axis (a) and the c-axis (b) to show the parallel dispositions of C=C bonds. 






Figure 5-3. The hydrogen-bonded strands formed by Zn2 viewed approximately 
along the a-axis (a) and the c-axis (b) to show the crisscross alignment of C=C bonds. 
The aromatic C-H hydrogen atoms have been omitted for clarity. 
 
These hydrogen-bonded 1D polymers are propagated approximately along the 
c-axis and stacked in the (101) plane. The olefin groups between Zn1 and Zn2 strands  
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lie antiparallel with a distance of 3.595 Å between the centers of the olefinic bonds. 
Although the adjacent Zn2 strands are parallel, they are slip-stacked in such a manner 
that the carbon atom of the C=C bond is closer to the center of the adjacent pyridine 
ring (3.496 Å). Hence, overall, only three adjacent 1D hydrogen-bonded strands 
containing six bpe ligands roughly aligned in a straight line approximately along the 
c-axis (Figure 5-4).  However, in this assembly of the olefin groups of six bpe ligands, 
only one pair of olefins connected by Zn1 atoms lies parallel that conforms the 
Schmidt’s postulate.4 
 
Figure 5-4. A view along the a-axis showing the details of the alignments of double 
bonds and distances (d) in the hydrogen-bonded 1D polymeric structures present in 
16. The hydrogen atoms omitted for clarity. The olefinic double bonds in d1 and d4 are 
oriented in parallel and d2, d3, d5 and d6 are oriented in criss-cross fashion. 
  
The aqua ligands and lattice water molecules form two types of discrete water 
clusters stabilized by O H O bonds as a layer in the ac plane (Figure 5-5). The 
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hydrogen bond distances and angles are given in Table 6-2. The (H2O)8 cluster based 
on a cyclic hexamer with cyclohexane-like structure is propagated along the a-axis by 
Zn1 atoms. Each (H2O)8 cluster is supported by four Zn(II) ions. Another discrete 
(H2O)5 cluster with a 2-methylbutane-like  skeleton structure is sustained by three 
Zn(II) ions between two rows of Zn2 atoms, of which three are coordinated water 
molecules. The crystal structure of 16 is an example containing two different discrete 
water clusters, namely, cyclic and acyclic water clusters in the same lattice.  
 
Figure 5-5. A perspective view showing the hydrogen-bonded connectivity in (H2O)8 
and (H2O)5 clusters. 
 
The nitrate anions, lattice water, and free bpe molecules are sandwiched  
between the [Zn(bpe)2(H2O)4]
2+
 cationic layers in the (101) plane (Figure 5-6). The 
free bpe molecules are arranged roughly linearly, separated 7.14 and 9.49 Å from 
each other by one and two lattice water molecules, respectively. The closest centroid 
C=C distance between adjacent bpe molecules separated by a row of NO3
-
 ions is 
6.09 Å.  
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Figure 5-6. A view of the layer showing the interactions of NO3
-
 anions, lattice water, 
and free bpe molecules that are sandwiched between the [Zn(bpe)2(H2O)4]
2+
 cationic 
layers in 16. 
Table 5-2. Hydrogen bond distances (Å) and angles (º) for 16. 
 
D-H            d(D-H) d(H..A)      DHA       d(D..A) A Symmetry 
O1-H1B 0.71     2.11 159 2.822 O12  
O1-H1A 0.75 2.01   175 2.729  N4 [-x, -y, -z+1 ] 
O2-H2A 0.80     1.96 171 2.755 O2W  
O2-H2B 0.73     2.09 168 2.818 O1W  
O3-H3A 0.73 2.06 154 2.753 O10  
O3-H3B 0.79 2.05 159 2.810 O3W  
O4-H4A 0.80          1.99 168 2.785 N6 [x, y+1, z] 
O4-H4B 0.70          2.25 166 2.946 O2W [-x+1, -y+1, z+1] 
O5-H5A 0.74          2.07 175 2.821 O4W [x+1, y, z ] 
O5-H5B 0.79          1.98 175 2.783 O12 [x+1, y, z ] 
O5-H5B 0.79 2.49 123 3.009    O10 [x+1, y, z ] 
O5-H5B 0.79          2.58 150 3.298 N10 [x+1, y, z ] 
O6-H6A 0.77          2.10 177 2.881 O3W [-x+1, -y+1, -z+2] 
O6-H6B 0.75          2.00 172 2.758   N5 [x, y-1, z ] 
O1W-H1AW  0.89      1.94           153 2.770                               O11 
O1W-H1BW  0.89      2.29           117 2.818 O2  
O2W-H2AW  0.83      1.99           167 2.815 N8  
O2W-H2BW  0.74      2.20           159 2.915   O1W [-x+1, -y+1, -z+1] 
O3W-H3AW  0.78      2.06           176 2.844 O4W  
O3W-H3BW  0.80      2.07           168 2.861 O13 [-x+1, -y+1, -z+2] 
O3W-H3BW  0.80      2.61           130 3.192 O15 [-x+1, -y+1, -z+2] 
O3W-H3BW  0.80      2.69           154 3.430   N11 [-x+1, -y+1, -z+2] 
O4W-H4AW  0.75                2.24           145 2.896   O15 [x-1, y, z] 
O4W-H4BW    0.85      2.01           158 2.830   N7 [-x+1, -y, -z+1] 
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5.2.3 Stacking of Photoreactive C=C Bonds 
Several years ago, Ramamurthy and Venkatesan described minimum 
translational molecular movement in crystals based on topochemical 
photodimerization of coumarin derivative.
6
 In addition to the minimum distances (d) 
between the C=C bonds, the authors used geometrical parameters θ1, θ2 and θ3 to 
compare the photo reactivity of coumarin in solid state as shown in Figure 5-7. Here 
θ1 represent rotational angle of one double bond with respect to other, θ2 represents 
obtuse angle of the parallelogram formed by double bonds C3, C4, C'3 and C'4 and θ3 
represents angle between least square plane through the reactive bonds C3, C4, C'3 and 
C'4 and that passing through C'2,C3,C4 and C'10. The ideal values for the angle θ1, θ2 
and θ3 between the reactive C=C bonds are 0, 90 and 90°. A similar methodology was 
employed in the C=C alignment in bpe ligands of the hydrogen-bonded metal 
complexes as shown in Figure 5-8.  
 
Figure 5-7. Geometrical parameters used in the relative representation of reactant 




Figure 5-8. Geometrical parameters used in the relative representation of double 
bonds in bpe, (a) represent θ1 and (b) represent θ2 and θ3 (averaged). 
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 The C=C distances and geometrical parameters in 16 are given in Table 5-3. 
In 16, there are totally four criss-cross and two parallel alignment of C=C bonds. The 
centroid of C=C distances (d) varies in the range of 3.595 - 4.533 Å. The θ1 varies 
significantly from 0° to 101° results in the variation of C=C alignment from parallel 
to criss-cross fashion. In 16, the assembly of the olefin groups of six bpe ligands 
conforms to the distance criterion of Schmidt for [2+2] photoreactions, of which only 
one pair of olefins connected by Zn1 atoms lies parallel (d4). Although the olefins 
connected to Zn2 atoms lies parallel (d1), this pair is not conform Schmidt 
topochemical principle (Table 5-3). 
Table 5-3. The parameters 1,  2 and 3 in degrees (°) represent various angles 
between the reactive double bonds within the assembly and orientation of the reactive 
double bonds in 16. 
Distances between 
the nearest reactive 
C=C, Å 





d1: 4.533 0 75 50 parallel 
d2: 3.836 100 61 75 criss-cross 
d3: 3.595 93 71 74 criss-cross 
d4: 3.796 0 86 76 parallel 
d5: 3.595 93 71 74 criss-cross 
d6: 3.836 101 61 75 criss-cross 
 
5.2.4 Photodimerization Reaction of 16 in the Solid State 
When the single crystal of 16 was subjected to UV light for 25 h, 46% 
photochemical conversion was observed, of which 39% is due to rctt-tpcb and 7% due 
to rtct-tpcb isomer (Scheme 5-2), as monitored by 
1
H NMR spectroscopy. However, 
the percentage of isomer rtct-tpcb formed is much lower than expected based on the 
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orientation of C=C bonds shown in Figure 5-4 and the C=C distances found in 16. 
This can only be explained by assuming that C=C bonds of bpe ligands undergo 
pedal-like motion prior to photodimerization (Scheme 5-2). Such dynamic behavior of 
C=C bonds in trans-stilbene was observed by Ogawa and co-workers.
7
 The trans-
stilbene exhibits dynamic orientational disorder at various temperatures.
7b
 This 
disorder ascribed due to interconversion between two conformers in the crystals. The 
conformational interconversion was inferred to take place through a pedal motion (a 
pair of benzene rings moves like the pedal of a bicycle as mentioned in Section 1.2.2 
and Figure 1-11). Light-induced geometrical rearrangements by pedal motion have 
been observed in crystal lattices that exhibit photochromism.
8
 Changes in 
conformation due to pedal motion prior to cyclobutane formation were also invoked 
to account for quantitative regiospecific formation of cyclobutane isomers.
9
 
Nevertheless, such motions are easier if the pair of molecules with C=C bonds are 
held on one side by weak interactions while the other side is left free. The sluggish 
reactivity of 16 may be attributed to difficulty of pedal motion in the single crystals 
due to the presence of coordination bonds on one side and hydrogen bonds on the 
other. The incomplete pedal-like motion of bpe observed here is reflected in the 
residual formation of rtct-tpcb during photodimerization (Scheme 5-2).  
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Scheme 5-2. The photodimerization pathways in 16 having pedal-like motion leading 
to the formation of cyclobutane isomers, rctt-tpcb and rtct-tpcb. 
  
When the single crystals were ground for 5 min to powder and subjected to 
UV irradiation for 4 h, 88% conversion of C C bonds to cyclobutane rings was 
observed, and 100% conversion was achieved when UV irradiation was prolonged to 
25 h. The 
1
H NMR spectrum of this product in DMSO-d6 shows no signal at  = 
7.53 ppm for olefinic protons but two singlets at δ = 4.65 and δ = 3.85 ppm due to two 
stereoisomers of cyclobutane rings, namely rctt-tpcb and rtct-tpcb respectively 
(Figure 5-9). 
10-11
 Hence, it is confirmed that all the bpe molecules including the six 
that are bonded to Zn(II) ions and the two free ones present in the unit cell underwent 
photodimerization when 16 was ground into powder.  
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H NMR spectra of 16 ground for 5 min before UV irradiation (a) and 
(b).after 25 h of UV irradiation. 
 
Control experiments carried out to separate the influence of grinding from the 
loss of the solvents. The results are compiled in Figure 5-10. The single crystals were 
dehydrated, and opaque single crystals obtained by heating 16 to 80 °C were 
subjected to UV radiation for 25 h, after which the 
1
H NMR spectrum showed only 
29% photochemical conversion. This confirms that the increase in the reactivity and 
the formation of 100% photodimerized product is due to grinding and not to water 
loss. 
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Figure 5-10. Plots showing the progress of photoconversion of 16 over various time 
intervals to (a) rctt-tpcb and (b) rtct-tpcb isomers, as monitored by 
1
H NMR 
spectroscopy in DMSO-d6 solution. 16a = single crystal, 16b = single crystal ground 
for 5 min, 16c = single crystal ground for 10 min, 16d = single crystal ground for 
20 min, 16e = crushed single crystals, 16f = single crystal heated at 80 °C. 
Furthermore, thermogravimetric analysis of ground samples of 16 do not show 
significant loss of water (14.9% for a sample ground for 5 min versus a theoretical 
weight loss of 15.1% for 6.67 of all the water molecules), and the water loss was not 
significant even after these ground samples were subjected to UV irradiation (Figure 
5-11 and Table 5-4). 
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Figure 5-11. TG analysis of 16 (a) Before UV irradiation (16a = single crystal, 16b = 
single crystal ground for 5 min, 16c = single crystal ground for 10 min, 16d = single 
crystal ground for 20 min) (b) A plot of loss of water molecules versus grinding time 
before UV irradiation. (c) TG after 25 h UV irradiation (16e = single crystals, 16f = 
single crystal ground for 5, 16g = single crystal ground for 10 min, 16h = single 
crystal ground for 20 min). (d) A plot of loss of water molecules versus grinding time 
after UV irradiation. 
 
Table 5-4.   % Wt loss of H2O molecules in 16 from TG analysis. 
Compound 16* % Wt loss before UV % Wt loss after UV 
Single crystals 
5 min ground 
10 min ground 
20 min ground 
           14.9 
           14.9 
           13.7 
           13.9 
                     13.6 
                     12.1 
                     11.1 
                     10.8 
                    *Expected Wt. loss for 6.67 H2O is 15.1% 
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Grinding increases the surface area, and hence greater reactivity is expected 
when a sample with a larger surface is exposed to UV irradiation. To test this 
hypothesis, bulk powder was synthesized by the same method, and its XRPD pattern 
was successfully matched with the XRPD pattern simulated from the single-crystal 
data as s shown in Figure 5-12b. 
When this bulk powder was subjected to UV light for 40 h, only 47% 
conversion was observed (rctt-tpcb : rtct-tpcb, 42:5). Hence, this result supports the 
notion that grinding accelerates the pedal-like motion of the C=C bonds of bpe 
molecules and thus accounts for the observed higher yield by a factor of about ten 
(Figure 3-15). The XRPD samples of ground crystals have peaks with less intensity 
but maintain the same crystalline phase (Figure 5-12c and Figure 5-12e). The less 
crystalline nature of the powdered samples from single crystal may be due to 
movement of bpe ligands while maintaining the same crystal structure. The subject of 
solid-state reactions activated by grinding and milling has been extensively studied by 
Braga, Toda, Kaupp, and others.
12-14
 Molecular migration in organic crystals is caused 
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Figure 5-12. XRPD patterns of 16: (a) simulated from single crystal (b) bulk sample 
(c) ground single crystals for 5 min, (d) ground single crystals for 10 min, (e) ground 
single crystal for 20 min. The intensities of the ground samples are 15 times weaker 
than the powder according to the intense peak at 2-theta scale 20˚. 
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Figure 5-13. Microscopic pictures of 16. (a) a single crystal, (b) crushed crystals, (c) 
crushed crystal after 4h UV irradiation, (d) ground crystals for 20 min, (e) 20 min 
ground crystal after 25 h UV irradiation, (f) single crystals before heating, (g) heated 
single crystal at 80 °C for 1 h, (h) heated single crystal at 150 °C for 1 h. 
 
The photodimerized product still contains 11-13.4% of isomer rtct-tpcb after 
5-20 min of grinding and 25 h of UV exposure. This likely originated from the free 
bpe, since formation of rtct-tpcb requires movements of bpe molecules, which can 
easily occur for the free bpe molecule in the pool of water molecules and NO3
-
 ions in 
the crystal lattice during grinding. The space between the stacked cationic layers 
provides enough room for translational motion of the bpe molecule along the C=C 
double bonds that exist in antiparallel fashion. This is in fair agreement with the 
12.5% expected for the random movement of free bpe molecules in the lattice and 
thus accounts for the observed photochemical behavior. Such molecular movements 
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5.2.5 Structure of [{Zn(H2O)3(bpe)2}2(bpe)](NO3)4·3bpe·14H2O (17) 
Lee and coworkers described the structure of this compound.
3 
The compound 
17 displays a dinuclear Zn(II) coordination complex (Figure 5-14) containing 
[{Zn(H2O)3(bpe)2}2(μ-bpe)]
4+
 cations with free bpe and lattice water molecules.
3 
The 
complex forms an H-shaped dinuclear Zn(II) complex via bridging the bpe spacer 
ligand at the centre using T- shaped metal geometries as shown in Figure 5-14.  
 
Figure 5-14. A perspective view of the fundamental unit in 17. Assigned only 
relevant atoms. 
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Out of eight bpe molecules, five are coordinated and three free bpe situated in 
the crystal lattice. In 17, all the bpe molecules aligned along b-axis except one that 
bridges two metal ions. Hence, all the bpe ligands except the bridged one left an imine 
N atom uncoordinated. This uncoordinated N atom of bpe molecules in 17 form 
hydrogen bonding via O H N interactions with neighboring aqua ligands and 
lattice water molecules.  The O H N hydrogen bond distance and angles are given 
in Table 5-5. As a result, the H-shaped cations form a 2D hydrogen-bonded structure. 
The 2D hydrogen bonded polymer propagates along the (01-1) plane. Two of the four 
free bpe molecules show a face-to-face π···π stacking [3.472(2) Å and 3.735(4) Å] 
with coordinated bpe ligands.  
Table 5-5. O H N hydrogen bond distances (Å) and angles (º) for 17. 
  
D-H            d(D-H) d(H..A)      DHA       d(D..A) A Symmetry  
O(1)-H(1B)   0.76(4)     2.04(4)    170(4) 2.792(3)      N(9)     
O(3)-H(3B)   0.71(3)     2.15(3)    161(3) 2.833(4)      N(6)    1-x,2-y,1-z 
O(6)-H(6B)   0.77(5)     2.08(5)    161(4) 2.821(4)      N(5)    -1+x,-1+y,z 
O(7)-H(7A)   0.79(4)     1.98(4)    170(5) 2.762(4)      N(8)    -x,-y,-z 
O(9)-H(9B)   0.90        1.93    166 2.812(4)         N(7)     
 
There are three coordinated aqua ligands and seven lattice water molecules in 
the asymmetric unit and they form hydrogen bonding via O H O interactions.  The 
water molecules in the crystal lattice forms two discrete water clusters namely, (H2O)6 
and (H2O)4 based on cyclohexane chair and cyclobutane structures respectively.
3
 The 
N-atoms of the fourth free lattice bpe molecule hydrogen-bonded via O-H···N 
interactions with one of the hydrogen atoms of the neighboring (H2O)4 tetramer.   
Out of eight bpe, six are aligned in parallel fashion with a short C···C distances 
of 3.663–3.814 Å and expected to undergo photoreaction (Figure 5-15). The centroid 
distances of the double bonds and θ1, θ2 and θ3 for 17 has shown in Table 6-6. 
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Figure 5-15. A perspective view of the packing arrangement of 17 (green color 
indicates π···π stacking between the pyridyl rings containing C=C distances d1 and d2, 
orange color indicates the photostable free bpe molecule). 
 
Table 5-6. The parameters 1,  2 and 3 in degrees (°) represent various angles 
between the reactive double bonds within the assembly and orientation of the reactive 
double bonds in 17. 
Distances between 
the nearest reactive 
C=C, Å 





d1: 3.747 2 90 64 parallel 
d2: 3.814 0 89 73 parallel 
d3: 3.663 0 90 67 parallel 
d4: 4.383 0 89 62 parallel 
 
The two free bpe molecules pair up well in parallel fashion via π···π stacking 
with adjacent bpe ligands (d1 = 3.747 Å and d2 = 3.814 Å). The two coordinated bpe 
from two H-complex interact through π···π stacking (3.708 Å) resulting in the 
alignment of the olefins in a distance d3 (3.663 Å) along d1. However, an offset-
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arrangement of two H-type along d2 results in the alignment of two olefins in parallel, 
but greater than 4.2 Å (4.383 Å).
4 
Hence, there are three pairs of potentially reactive 
olefins from six bpe molecules. 
The bpe ligand which acts as a bridge between the two Zn(II) atom is expected 
to be photo-stable. However, the free bpe molecule inside the lattice, left alone  in off-
stack arrangement with nearest coordinated bpe, in principle can undergo rotation or 
molecular movements to facilitate a C=C pair alignment. The minimum distance 
between this free lattice bpe molecule and the nearest coordinated bpe ligand is 5.174 
Å. However, this coordinated bpe ligand is paired with another free bpe via π···π 
stacking (d2). Hence, the free bpe has to undergo either rotation or molecular motion 
along the bridged bpe ligand in a distances of 7.771 Å. This could be only possible if 
there is enough space between the H-shaped metal complex in the medium having 
water molecules and nitrate anions. 
We have investigated the photoreactivity of 17 in the solid-state. When the 
single crystals of 17 were subjected to UV irradiation for 4 h rctt-tpcb isomer was 
obtained in 40% yield, and further 25 h produced 60% yield with disintegration of 
single crystals to powder as monitored by 
1
H-NMR in DMSO-d6. To test whether free 
bpe molecules undergo molecular motion inside the crystal lattice, the photoreaction 
conducted for grounded single crystal and heated single crystals. A plot indicates the 
percentage of conversion for rctt-tpcb versus time for 17 under various condition as 
shown in Figure 5-16.  
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Figure 5-16. A plots showing the progress of photoconversion of 17 over various 
time intervals to rctt-tpcb isomer as monitored by 
1
H NMR spectroscopy in DMSO-
d6. 17a = single crystal, 17b = single crystal ground for 5 min, 17c = single crystal 
ground for 20 min, 17d = single crystal heated at 60 °C. 17e = single crystal heated at 
100 °C.  
 
A 25 h photo-irradiation of 5 min ground sample produced 75.8% rctt-tpcb as 
indicated by 
1
H NMR spectrum in DMSO-d6 shown in Figure 5-17. In other words, 
six bpe molecules underwent photoreaction after grinding. Although the bpe pairs 
oriented with d3 distance is the least, the packing arrangement and orientations 
(Figure 5-15) indicate that the bpe molecules aligned with d1 and d2 underwent 
photoreaction. The reason being that the free bpe molecules can move easily by 
breaking the weak hydrogen boning interaction.
20
 Although the pyridyl groups are 
aligned in parallel fashion (d3) between the coordinated bpe molecules, molecular 
movements are restricted between these coordinated ligands. If the pairs between d3 
react, we can only expect the conversion of ca. 50% since the two free bpe molecules 
left unreacted. 
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H NMR spectra of 17 (ground single crystal for 5 min) after 25 h UV 
irradiation (rctt-tpcb: 75 %) in DMSO-d6. 
 
A 20 min grinding can produce larger surface area than 5 min grinding. 
However, the reaction progress indicates there is not much increase in the reactivity 
due to longer grinding time implying that surface area is not responsible for increase 
in reactivity.  Although grinding increases the reactivity as compared to the reactivity 
of single crystal, it is not able to bring the free bpe molecules closer to the bridged bpe 
coordinated by rotation and molecular movements.  This may be due to the fact that 
the ligand free bpe molecule is locked between the cationic 
[{Zn(H2O)3(bpe)2}2(bpe)]
4+
 layers as shown in Figure 5-18. Hence, there is no room 





Figure 5-18. A perspective view of 17 in which the free bpe molecule (orange color) 
locked between the two cationic layers. 
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The influence of water molecules on the photorectivity was also investigated 
using TGA experiments (Figure 5-19 and Table 5-7).  The decomposition temperature 
for lattice water molecules is in the range of 50-70 °C and the coordinated water 
molecule is at 100 °C. Based on this observation, the photoreactivity was monitored 
for those single crystals were heated to 60 °C and 100 °C. A slight increase in 
photoreactivity observed for crystals heated at 60 °C after 1 h irradiation. But there is 
no difference between the photoreactivity of the crystals heated at 60 °C and 100 °C 
for 25 h irradiation The percentage water loss due to grinding is similar for 5 min and 
20 min grinding. If the water loss is responsible, then the single crystals heated to 60 
°C and 100 °C should have shown higher reactivity than other samples. The loss of 
water molecules in the heated crystals cause the breaking of O H O hydrogen 
bonding interactions in the solid which may result in the off-stacking of bpe 
molecules and hence less photoreactive.  Only the bpe pairs indicated as d3 is likely to 
react after the water loss.  
 
Figure 5-19. TG analysis of 17 (a) Before UV irradiation (17a=single crystal, 
17b=single crystal ground for 5 min, 17c = single crystal ground for 20 min, 17d = 
TG after 25 h UV irradiation, 20 min grinded). 
      Chapter 5 




Table 5-7.   % Wt loss of H2O molecules in 17 from TG analysis. 
Compound 17* % Wt loss 
Single crystals 
5 min ground 
20 min ground 
20 min ground (after 25h UV) 
           15.34 
           14.28 
           13.21 
           11.34 
*Expected Wt. loss for 20 H2O is 15.13% 
 
5.2.6 Solid State Reaction by Mechanical Grinding 
Mechanical grinding, milling or kneading of two or more reactants have 
produced novel molecular compounds, and solventless green chemical route to 
supramolecular aggregates, co-crystals and coordination networks.
13
 These 
mechanical methods are known to accelerate the reactivity due to increase in the 
surface area, and formation of various defects in the crystals.
21
 The reactivity 
activated mechanochemically within a crystal lattice is thought to take place in a 
constrained environment generated by the surrounding molecules.  One may argue 
that increasing in surface area in 16 during grinding may infact, increase the 
photoreactivity. To find the answer to this question, we have used microscopic and 
SEM images of the ground single crystals and bulk samples of 16.  The SEM images 
(Figure A-15 in Appendix) show that there is not much difference between these two 
samples. Although 20 min ground sample shows plate-like morphology, the surface 
area has not increased from 5 min ground single crystals and bulk sample. Therefore, 
it is likely that the molecular motion occurred in 16 is due to mechanical force 
(grinding), but not due to increasing in the surface area. Mechanical grinding 
accelerates the pedal motion as well as the movements of free bpe molecules in 16, 
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but the same grinding only just increases the photoreactivity in 17. It also noted that 
these compounds appear to remain as single phase during the mechanical grinding. 
 
5.3 Summary 
Hydrogen-bonded metal coordination complexes have been employed to align 
the C=C bonds in bpe for [2+2] cycloaddition reactions. To the best of our 
knowledge, photoreactivity has not been tested for solids containing more than one 
pair of well-aligned C=C bonds that satisfy the distance criterion. This appears to be 
the first time that six olefins in a row satisfy the Schmidt distance criterion, of which 
four lie in crisscross conformation and two have parallel orientation. These bpe 
ligands with antiparallel C=C bonds undergo pedal-like motion prior to 
photodimerization. Grinding the single crystals into powder accelerates the pedal 
motion of the crisscrossed olefins into parallel alignment as well as the motion of free 
bpe in the solid. Hence, the olefin groups of bpe ligands undergo quantitative 
conversion to the cyclobutane derivative exclusively with rctt-tpcb stereochemistry on 
UV irradiation of the ground sample. This is again an exceptional case, in which the 
olefinic bonds need not be parallel under the Schmidt criterion to undergo 
photodimerization. Although the solid-state photoreaction stereospecifically produces 
cyclobutane isomers, obtaining both rctt-tpcb and rtct-tpcb isomers from a single 
compound is nothing new in the solid state.
22-24 
Mechanical motion in the crystal may 
also facilitate the movements of molecules to align in parallel, as required for 
photodimerization reaction. An internal pressure is exerted on the molecules by 
mechanical motion in the free volume between the cationic layers. However, such 
large motion does not occur in the crystal lattice if there is not enough space or free 
volume in the surrounding.
19
 The movements are also not facilitated if the free bpe 
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molecules are interlocked between the cationic layers. This study provides that the 
molecules can be moved easily if they are loosely packed inside the crystal lattice.  
 
5.4 Experimental  
All methods and starting materials are described in chapter 7. The yield of 16 
and 17 is reported with respect to the metal salts. The yields observed on UV 
irradiation are reported in terms of the product distribution, obtained by integrating 
1
H NMR spectra of the compounds. The grinding experiments were conducted 
manually using agate pestle and mortar.  
 
5.4.1 Synthesis of Complexes  
[Zn(bpe)2(H2O)4](NO3)2 8/3 H2O 2/3 bpe (16) 
Zn(NO3)2 6 H2O (12 mg, 0.041 mmol) was dissolved in 0.6 mL of H2O and 
carefully layered with 0.6 mL of an ethanolic solution of bpe (15 mg, 0.082 mmol). 
Colorless block crystals were formed after three days and were decanted and dried in 
air. Yield: 27 mg (56%). The compound further scaled up for all characterization. 
1
H 
NMR (DMSO-d6, 300 MHz): H 8.60 (d, 4 H, -pyridyl proton), 7.61 (d, 4 H, -
pyridyl proton), 7.53 ppm (s, 2 H, CH=CH). 
13
C NMR (DMSO-d6, 300 MHz): c 
150.52 ( -pyridyl carbon), 143.82 ( -pyridyl carbon), 131.00 (C=C), 121.67 ppm ( -
pyridyl carbon). Selected IR (KBr): ν (cm-1) = 3433(w), 1597(s), 1553(w), 1502(w), 
1408(m), 1383(s), 1204(w), 1068(w), 1026(w), 992(m), 827(s), 552(s) cm
-1
. 
Elemental analysis Calcd for C32H40N7.33O12.67Zn (795.41): C 48.32, H 5.07, N 12.91; 
Found: C 48.58, H 4.95, N 12.69 %.  
 
[{Zn(H2O)3(bpe)2}2(bpe)](NO3)4·3bpe· 14H2O (17) 
Zn(NO3)2.6H2O (14 mg, 0.05 mmol) was dissolved in 0.3 mL of H2O and 
carefully layered with 0.3 mL acetone solution of bpe (18 mg, 0.1 mmol). Colorless 
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block crystals were formed after three days, which were decanted and dried in air. 
Yield: 68 mg (57%). Selected IR (KBr): ν (cm-1) = 1606(s), 1560(m), 1502(m), 
1484(s), 1423(s), 1291(w), 1071(s), 1026(s), 825(s), 549(s).
 1
H NMR (DMSO-d6, 300 
MHz): H 8.61 (d, 4H, -pyridyl proton), 7.63 (d, 4H, -pyridyl proton), 7.56 (s, 2H, 
CH=CH). 
13
C NMR (DMSO-d6, 300 MHz): c 150.52 ( -pyridyl carbon), 144.97 ( -
pyridyl carbon), 130.99 (C=C), 121.80 ( -pyridyl carbon).  Elemental analysis Calcd 
for C108H130N22O32Zn2 (2379.08): C, 54.52; H, 5.52; N, 12.96. Found: C, 54.71; H, 
5.78; N, 12.85 %.  
 
5.4.2 UV irradiation of Complexes 
In a typical experiment 17 (ca. 10 mg) was packed between two Pyrex glass 
slides and irradiated in a Luzchem photoreactor (8 W dark blue phosphor lamps, 
measured intensity ca. 1.75 mW cm
-2
) at 350 nm.  
 
UV Irradiation of 16 
Single crystals, dehydrated crystals, crushed crystals, and samples manually 
powdered in a pestle and mortar for 5, 10, and 20 min were exposed to UV light for 
0.5, 1, 2, 4, 15, and 25 h. 
1
H NMR (DMSO-d6, 300 MHz): H 8.50 (d, 4 H, -pyridyl 
proton for rctt-tpcb), 8.33 (d, 4 H, -pyridyl proton for rctt-tpcb), 7.40 (d, 4 H, -
pyridyl proton for rtct-tpcb ), 7.21 (d, 4 H, -pyridyl proton for rctt-tpcb), 4.65 (s, 
4 H, CH-CH for rctt-tpcb), 3.85 ppm (s, 4 H, CH-CH for rtct-tpcb ). 
13
C NMR 
(DMSO-d6, 300 MHz) c 149.57 ( -pyridyl carbon for rctt-tpcb), 148.62 ( -pyridyl 
carbon for rtct-tpcb), 123.69 ( -pyridyl carbon for rctt-tpcb), 123.00 ( -pyridyl 
carbon for rtct-tpcb), 49.14 (CH-CH for rtct-tpcb), 44.70 ppm (CH-CH for rctt-tpcb); 
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UV Irradiation of 17 
Single crystals, dehydrated crystals, and manually powdered samples in a 
pestle and mortar for 5 and 20 min were exposed to UV light for 1, 4 and 25 h. 
1
H 
NMR (DMSO-d6, 300 MHz)  = 8.33(d, 4H, -pyridyl proton), 7.22(d, 4H, -pyridyl 
proton), 4.65(s, 4H, CH-CH ), 
13
C NMR (DMSO-d6, 300 MHz) 149.54 ( -pyridyl 
carbon), 123.68 ( -pyridyl carbon), 44.74(CH-CH ). Selected IR (KBr): ν (cm-1) = 
3389(m), 3054(w), 2375(w), 1603(m), 1500(w), 1382(s), 1234(w), 1012(w), 823(m) 
552(m). 
 
5.4.3 Crystal Structure Determination  
  Crystallography information of 16: The two ethylenic carbon atoms were 
disordered in two sites with occupancies of 0.6 and 0.4. A brief summary of 
crystallographic data for 16 is displayed in Table 5-8.  
Table 5-8. Crystallographic data and refinement parameter for 16. 
Complex 16 
Formula C32H40N7.33O12.67Zn  
f.w. 795.41 
T/K 223(2) 
cryst syst  Triclinic 
space group P  
a/Å 9.569(5) 
b/Å                              14.570(8) 
c/Å 20.601(1)  
α/o 87.089(1)  
/
o






/ Z                      2759.3(3) / 1 




Reflns col. 16009 
Ind. Reflns/ Rint / GooF  9707/0.0226/ 1.044 
a
 Final R[I>2 ], R1/ wR2          
                             
       
                                  
 0.0433 / 0.1089
a
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5.4.4 X-ray Powder Diffraction 
The XRPD patterns for ground samples were collected after grinding just 
before data collection.  
5.4.5 NMR studies 
 
The product distribution of photochemical [2+2] cycloaddition reaction of 16 
and 17 under various experimental conditions are shown in Table 5-9 and Table 5-10 
respectively. The percentage of the products calculated as the ratio of all the reactant 
peaks to the product peaks. The values obtained by integrating the intensities of two 
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Table 5-9. Product distribution of [2+2] cycloaddition reaction of 16 under various 






 There is no reaction when single crystals of 1 are heated to 150˚C. b Manual grinding using 
pestle and mortar. 
c













Nature of the sample Time of exposure, h rctt isomer% rtct isomer, % unreacted bpe, % 
Single crystals 
1 0 0 100 
2 8 0 92 
4 11.3 0 88.7 
15 26 0 74 
20 39 1.8 59.2 
25 39 7 54 
50 47 7 46 
100 52 8 40 
Single crystal heated  
to 80°C 
a 
1 20 0 80 
4 20 0 80 
15 29 0 71 
5 min of grinding 
b 
1 47.8 5 47.2 
2 71 5.2 23.8 
4 80 8 12 
15 88 10 2 
25 89 11 0 
10 min of grinding 
1 56.1 5.3 38.6 
2 72 7.9 20.1 
4 83 9.45 7.55 
15 89 11 0 
25 87.4 12.6 0 
20 min of grinding 
1 63.6 9.1 27.4 
2 75.2 9.8 15.0 
4 85.2 10.4 4.3 
15 88.4 11.6 0 
25 86.6 13.4 0 
Crushed single crystals 
1 0 0 100 
2 10.3 0 89.7 
4 34 0 66 
20 44 1.4 54.6 
25 58 7.3 34.7 
Powder sample 
c 
40 42 5 53 
      Chapter 5 
                                                                                                                                                                                                                                                    
188 
 
Table 5-10. Product distribution of [2+2] cycloaddition reaction of 17 under various 
experimental   conditions from 
1










     a
 
There is no reaction when single crystals of 1 are heated to 150˚C.b Manual grinding using 
pestle and mortar. 
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Metal-Organic Frameworks (MOFs) 
Containing Tetrapyridyl Cyclobutane 


















6.1       Introduction 
Trifluoroacetate has been found to play a key role in orienting the olefinic double 
bonds
1
 in the triple-stranded ladder (3), the zwitter-ionic complex (6), and the ladder 
coordination polymer (8).  Three olefinic C=C bonds are oriented in the triple-stranded 
coordination polymer (3) via η1,3 bridging of trifluoroacetate and acetate anions as 
discussed in chapter 2.  A pair of C=C bonds well aligned in the zwitter-ionic complex 
(6) through complementary N–H···O hydrogen bonding between the protonated imine 
nitrogen atoms and the oxygen atoms of the monodentate trifluoroacetate ligand. A 
partial replacement of the acetate by trifluoroacetate ligand in the ladder coordination 
polymer (8) affords the orientation of C=C bonds from criss-cross to parallel fashion. In 
addition, trifluoroacetic acid (HTFA) has been found to catalyze the isomerization of 
cyclobutane derivatives in solution as shown in chapter 5. These observations prompt us 
to study the utility of trifluoroacetate and HTFA in the photoreactivity of bpe and 
isomerization of tpcb rings respectively. This chapter describes a detailed study on the 
role of trifluoroacetate as a synthon in furnishing rctt-tpcb from photodimerization 
reaction, and HTFA as an acid catalyst in producing rtct-tpcb quantitatively by 
isomerization reaction. Further, the use of rtct-tpcb as a tetrahedral node in assembling 
MOFs having ptt and pts net topology.  
Synthesis of stereoselective cyclobutane is one of the major challenges in both 
solid-state and solution.
1-10
 Several efforts have been made to synthesize stereospecific  
rtct-tpcb from bpe using [2+2] cycloaddition reaction either in solution or in the solid-
state.
7-10
 For example, Vansant et al. studied the effect of solvent in forming rtct-tpcb 
isomer by photodimerization of bpe in various solvents.
7
 A photoirradiation of bpe in 





MeOH for 22 h produces 6 % of rtct-tpcb isomer with additional products rctt-tpcb (23 
%), cis-bpe (21 %) and unreacted trans-bpe (39 %).   While the photoirradiation of bpe in 
benzene for 47 h only gives 3% of rtct-tpcb isomer with rest of above additional mixtures 
rctt-tpcb (6 %), cis-bpe (37 %) and unreacted trans-bpe (47 %). Later, Horner and Hünig 
studied the isomerization of alkylated substituted cyclobutane rings in solution and have 
well studied the mechanism.
8
 Ramamurthy and coworkers reported photodimerization of 
bpe∙2HCl within cucurbit[8]uril in water gives rtct-tpcb as the minor (4%) and rctt-tpcb 
as the major product (90%).
9
 
The photoreactivity in the crystals are controlled by the packing arrangement of 
the molecules within the lattice.
4
 Consequently, if the olefinic double bonds are not 
topochemically controlled, then synthesis of rtct-tpcb is a major difficult task in the solid-
state. Specifically, the C=C bonds of bpe have to be oriented in criss-cross fashion for 
forming rtct-tpcb product, otherwise rctt-tpcb is the favorable product. However, rtct-
tpcb is rarely obtained in the solid-state.
10
 Briceño et al. have synthesized hydrogen-
bonded Mn(II) metal complex of 2,2′-bpe in which a pair of olefins are oriented in 
crisscross fashion (θ1 angle is 42º refer Scheme 5-8) undergoes photoreaction to produce 
ca. 48% rtct-tpcb product.
10
 The θ1 angle indicates the complexity of controlling the 
organization of the bpe molecules in the crystal lattice by templates on targeting rtct-tpcb. 
In chapter 5, we presented the formation of rtct-tpcb dimer as the minor product in the 
hydrogen-bonded Zn(II) complex. Although many groups made an attempt to synthesize 
rtct-tpcb by various methods, it is indeed a real challenge in producing rtct-tpcb in 100% 
yield.   





In addition to their importance in organic synthesis, cyclobutane derivatives 
containing pyridyl rings are attractive building blocks for constructing 
metallosupramolecular architectures and MOFs. 
14-18
 MacGillivary et al. employed rctt-
tpcb as a 4-conneting node to construct 1D, 2D frameworks and metal-organic polyhedra 
and polygons.
14
 3D frameworks of tpcb have rarely been isolated during solution crystal 
growth in the presence of light. For example, Schroder et al. reported a 3D net formed 
during crystallization of AgBF4 and bpe in MeCN and CH2Cl2 in presence of light.
15
 
Another accidental discovery observed by Jung and coworkers.
16
 Reaction of bpe with 
Zn(ClO4)2 results in an interpenetrated network containing both bpe ligand and the newly 
generated tpcb ligand from photoreaction during the crystal growth in solution in 
presence of light. Although, 1D, 2D and capsules-like frameworks have been synthesized 
using tpcb nodes, three dimensional frameworks using tpcb node remain a challenge.
14-16 
The reason being that the stereochemistry of rctt-tpcb may not allow the formation of 
three-dimensional frameworks easily. On the other hand, the pyridyl groups in the rtct-
tpcb are oriented in tetrahedral fashion as shown in Scheme 6-1, which makes it suitable 
for the fabrication of three-dimensional frameworks. However, stereoselective synthesis 
of rtct-tpcb ligand hampered fabrication of MOFs using this tetrahedral node. 
 
Scheme 6-1. Orientation of 4-connecting nodes in (a) rctt-tpcb shows nearly square-
planar. (b) rtct-tpcb shows nearly tetrahedral orientation (tetrahedral node) in comparison 
to rctt-tpcb (green balls indicate the centroid of cyclobutane ring in rtct-tpcb).  





6.2       Result and Discussion 
The synthesis of [bpe-H2](TFA)2 salt and the photodimerization of the salt are 
discussed in following section. Further, a detailed investigation of cyclobutane 
isomerization reaction is presented. The synthesis of metal complexes and the 
crystallographic studies are discussed at the end of the chapter. 
 
6.2.1     Synthesis of [bpe-H2](TFA)2(18)  
The salt [bpe-H2](TFA)2 (18) was synthesized by the direct treatment of bpe with 
TFA in MeOH. A white solid was formed by stirring a mixture of bpe and HTFA (1:2 




C NMR, and FT-IR spectroscopy and single crystal and powder X-ray 
diffraction. The stoichiometry of the salt 18 with two components (1:2) is confirmed from 
elemental analysis. The colorless block crystals of 18 were obtained after one day by 
layering diethyl-ether solution over a solution mixture of 18 in 2 mL MeOH and 2 mL 
CH3CN.  The single crystal X-ray diffraction analysis confirmed the solid state structure 
of 18. The XRPD patterns of the bulk was matched with those generated from the single 
crystal data (refer Figure A-17 in Appendix). 
 
6.2.2    2D Layer like Structure of [bpe-H2](TFA)2 (18) Salt 
A view of the asymmetric unit of 18 is given in Figure 6-1. The X-ray structure 
reveals an infinite hydrogen-bonded assembly of [bpeH2]
2+
 cations and CF3CO2
-
 anions 
held together by N–H∙∙∙O interactions (N1–H1∙∙∙O7 2.630(5); N2–H2∙∙∙O3 2.623(5); N3–
H3∙∙∙O2 2.608(5); N4–H4∙∙∙O6 2.620(5) Å) and further by very weak C–H∙∙∙O and C–
H∙∙∙F interactions (Figure 6-2) forming a 2D layer.   






Figure 6-1. A view of the asymmetric unit of 18. C-H hydrogen atoms are omitted for 
clarity. 
 
The 2D layer is further sustained by weak seven C–H∙∙∙O [C2–H2A∙∙∙O(4) 
3.230(5); C5–H5∙∙∙O3 3.286(5); C8–H8∙∙∙O7 3.295(5); C11–H11∙∙∙O(8) 3.276(6); C13–
H13∙∙∙O(6) 3.298(5); C16–H16∙∙∙O(5) 3.246(5); C21–H21∙∙∙O(1) 3.245(5) and C24–
H24∙∙∙O(2) 3.264(5) Å] and three C–H∙∙∙F [C6–H6∙∙∙F11 3.406(6); C7–H7∙∙∙F5 3.363(6) 
and C19–H19∙∙∙F(8) 3.322(5) Å] hydrogen bonding interactions which result in infinite 
supramolecular assembly. Figure 6-3 shows three such adjacent but independent layers, 
namely, A∙∙∙B∙∙∙C running in the b-direction. However, only the adjacent C∙∙∙C layers are 
interacting through very weak F···F contacts
11
  [C6S–F7∙∙∙F7 2.7496 and C4S–F6∙∙∙F(6) 
2.913(7) Å], where the C=C bonds in [bpeH2]
2+
 cations are oriented in parallel fashion 
with a distance of 4.26 Å, which is the somewhat longer to be photoreacive.
4 
The olefinic 
double bonds of the nearest [bpeH2]
2+
 cations between the adjacent layers A∙∙∙A, A∙∙∙B, 





B∙∙∙C are 5.150 - 6.567 Å which are above the distances of topochemical principle and in 
slip stacked arrangement. 
 
Figure 6-2. (a) A portion of the packing in 18. The nitrogen (blue), oxygen (red), fluorine 




Figure 6-3. A view of packing arrangement ABC 2D layers in 18. The adjacent C∙∙∙C 
layers are interacting through very weak F···F contacts and the C=C bonds oriented in 
parallel fashion with a distance of 4.26 Å.  





6.2.3    Photodimerizaion of 18 in the Solid State 
When powdered 18 kept between the glass plates was irradiated under UV lamp 
for a period of 24 h produced [rctt-tpcbH4]
4+
, 19 in 100% yield (Scheme 6-2) as 
determined by the 
1
H NMR spectrum in DMSO-d6 (Figure 6-4). 
1
H NMR spectrum 
shows complete disappearance of olefinic protons at 7.87 ppm and the appearance of 
cyclobutane protons at 5.09 ppm and the shift in the signals of bipyridyl protons from 
8.82 and 7.98 ppm to 8.64 and 7.68 ppm.
12
 The stoichiometry of the compound after 
photoreaction is confirmed by elemental analysis.  
 





H NMR spectra of 18 in DMSO-d6 (a) before (b) after UV irradiation. 
 





Although, the C=C bonds between C∙∙∙C layers are likely to react under UV 
irradiation,  the A∙∙∙B and B∙∙∙C layers expected to be photostable due to distance 
criterion. The quantitative diemrization of 18 can therefore be rationalized by the 
cooperative movements of layers during the photo-reaction and such cooperative 
molecular movements have been discussed in the solid state previous chapters. 
 
6.2.4    Isomerization Reaction of 19 in Solution 
The cationic dimer 19 undergoes acid catalyzed isomerization reaction in DMSO-
d6 solution to give [rtct-tpcbH4]
4+
, 20 and [rcct-tpcbH4]
4+
, 21 in 4-5 days (Scheme 6-3). 
The signals for all three isomers were observed in 
1
H NMR spectroscopy (Figure 6-5). It 
was found that the rtct-tpcb and rcct-tpcb isomers were formed quantitatively in solution 
after 26 days (Figure 6-5a) ; the rtct-tpcb isomer predominates as the major product after 
72 days (Figure 6-5b). The chemical shifts are consistent with the stereochemistry of the 
cyclobutane rings and assigned by comparison of the 
1
H NMR spectra with those for the 
reported 4,4′-tpcb.10  The cyclobutane protons of rtct-tpcb have chemical shift values 
about 0.8 ppm lower than the corresponding rctt-tpcb isomer (3.6 to 3.9 and 4.5 to 
5ppm).
7-10, 12
 From the 
1
H NMR spectra presented, it could be noted that the proton signal 
(chemical shift in ppm) has been shifted to downfield with almost identical position. We 
found that an upfield shift at about 5.11 and 4.35 ppm for cyclobutane protons of both 
rctt-tpcb and rtct-tpcb respectively. A mutual magnetic anisotropic influence of pyridyl 
ring in cis position of rctt-tpcb brings up the pyridyl protons to the upfield position in 
comparison to rtct-tpcb. In the case of rcct-tpcb, there are 6 sets of doublets from the 
pyridyl protons (observed at about 8.85 to 7.36 ppm) and three sets (three triplets or one 
triplet and a multiplet) from the cyclobutane protons (observed at about 5.56 (triplet for 





1H), 4.94 (multiplet for 3H)).
 7,12-13
 The product distributions (%) of isomers were 
calculated based on the integration of intensity in 
1
H NMR signals for each isomer. The 







H NMR spectra of 19 (a) in DMSO-d6 after 26 days (b) in DMSO-d6 after 72 
days (c) in MeOH-d4 after 3 days.  
 











































Scheme 6-3. HTFA catalyzed isomerization reaction of [rctt-tpcbH4]
4+ 
(19) in DMSO-d6 




 (21) in 4-5 days. 
 
 
6.2.4.1    The Effect of Isomerization Reaction in the Presence of Base 
The compound 19 was taken in MeOH-d4 solution and the isomerization reaction 
was monitored for a certain period of time (days) at room temperature (Figure 6-6). The 
reaction was found to be very slow at room temperature (Figure 6-5b). 
1
H NMR spectrum 
(Figure 6-5e) of 19 in MeOH-d4 after three days shows the percentage of conversion 19 
(26%), 20 (12%) and 21 (62%) only. On the other hand, the 
1
H NMR spectrum of the 
same MeOH-d4 solution after 8 days showed 20 (90%) and 21 (10%). The reactivity of 
19 in solution is expected due to the protonation of pyridyl rings by HTFA. To test this 
assumption, the dimer 19 was treated with strong base to deprotonate the pyridyl rings 
(Table 6-1). Solid KOH (0.024 mmol) was added to a fresh solution of 19 (9.8 mg, 0.012 
mmol) in MeOH-d4 (0.5 mL) in NMR tube to deprotonate the two pyridyl rings. The rate 
of isomerization reaction was decreased as shown in Table 6-1. Further decrease in 
isomerization reaction of 19 (0.012 mmol) was observed by deprotonating four pyridyl 
rings with KOH (0.048 mmol) in MeOH-d4 (0.5 mL). Here the deprotonation of the four 
pyridyl rings of tpcb (19) cation suppressed the isomerization reaction for four days by 
the base treatment. 







Figure 6-6. Plot showing the product distribution of 19, 20 and 21 in MeOH-d4 over a 
period of time. 
 
Table 6-1. Product distribution of 19, 20 and 21 in MeOH-d4 over a period of time in the 
presence of KOH. 
 
Time (days) 19 (%) 20(%) 21(%) 
3
 a
 72 3 25 
4
 b
 100 0 0 
           a
 Added Solid KOH(0.024 mmol), 
b
 Added Solid KOH(0.048 mmol). 
 
6.2.4.2 Variable Temperature 
1
H NMR Studies 
Variable temperature 
1
H NMR studies (from 25 to 100°C at 10°C interval) show 
that the isomerization reaction is faster by increasing the temperature. Table 6-2 shows 
the product distribution (%) of three isomers during VT-experiment at various 
temperatures. 
1
H NMR spectra was recorded at various time intervals as shown in Figure 
6-7 shows that the 19 isomerizes to 20 and 21, while 19 has started to appear at 
temperature 35
º
C and 19 started to appear at 65
º
C. 21 increases steadily until the 
temperature reached 85
º
C where the product distribution of 19 and 21 found to be equal. 
 





Table 6-2. Product distributions of isomers rctt-tpcb, rtct-tpcb and rcct-tpcb as their 





H NMR spectra of photodimerized product 19 in DMSO-d6. The spectra 





C) % of 19 % of 20 % of 21 
25 100 0 0 
35 96.9 3.1 0 
45 94.8 5.2 0 
65 87.11 4.37 8.52 
75 72.69 5.7 22.29 
85 42.18 15.79 42.03 
95 13.76 44.09 36.85 
100 7.76 78.02 14.22 





Once temperature increases to 95
º
C, 21 gradually isomerizes (which observed at 
room temperature) to 20 that increases the yield. Increase in temperature of the solution 
considerably increases the formation of the 20 isomer within a very short period of time. 
Further, 20 turns out to be the major product at 100°C and the isomerization is 
found to be irreversible. VT 
1
H-NMR experiment was repeated to calculate the length of 
time required to complete the formation of 20. The neutral isomer rtct-tpcb can be 
conveniently synthesized in 100% yield by heating photodimerized salts in DMSO at 




C NMR spectra (Figure 6-8 and Figure A-16 in Appendix), ESI-MS
+ 
analysis 




Scheme 6-4. Selective synthesis of rtct-tpcb via HTFA mediated isomerization reaction 
of 19 in the solution phase. 
 
 





















6.2.5    Synthesis of MOFs using tpcb 
The acid-catalyzed isomerization reaction can be used to prepare rtct-tpcb in gram 
quantity. The isomer rtct-tpcb with tetrahedral node has been used for the construction of 
two MOFs namely, [Zn(rtct-tpcb)(H2O)2](ClO4)2·6.5H2O (22) and [Co(rtct-
tpcb)(F)2]·5H2O (23). Colorless block crystals of 22 were obtained by layering a 





methanolic solution of rtct-tpcb on an aqueous solution of Zn(ClO4)2·6H2O. Golden 
yellow crystals of 23 were obtained by a solvothermal reaction of rtct-tpcb with 
Co(OAc)2.4H2O and NaF. The details of their structures are described below. Initially, 23 
was obtained as a minor product from Co(ClO4)2∙6H2O, NaBF4 and rtct-tpcb. Hence the 
reaction was repeated with appropriate starting materials.  
 
6.2.5.1 MOF Structure of [Zn(rtct-tpcb)(H2O)2](ClO4)2·6.5H2O (22)  
X-ray structure reveals that 22 forms 3D non-interpenetrated 4-connected 
framework that crystallizes in orthorhombic space group Pna21.  The asymmetric unit of 
20 is given in Figure 6-10. The selected bond distances and angles are given in Table 6-3.  
There are two crystallographically independent Zn(II) centers with octahedral geometry 
and each metal center is coordinated to four nitrogen atoms of the tetrahedral by disposed 
tpcb rings in a square plane and two aqua ligands occupy the trans positions. Hence, the 
tpcb ring acts as the tetrahedral node and Zn(II) metal center acts as the square planar 
node and forms a three dimensional network as shown in Figure 6-11c.  
 









Figure 6-10. A perspective view of the asymmetric unit of 22. 
 
 
An equal combination of tetrahedral spacer and square-planar metal connector 
yields ptt (pts twisted) topology
17-18 
(Figure 6-11c and Figure 6-12). 






Figure 6-11. (a) A view of the 22 perpendicular to the bc-plane. (b) A polyhedral view. 









































from Zn1 and Zn2 metal ions respectively.
17b
 The tetrahedral nodes and their number of 
different connections are similar (same Schläfli symbol), hence, we can take the tpcb as a 
single node. However, the Schläfli symbol is different for the square-planar Zn1 and Zn2 
metal connectors.    Hence, MOF-22 described as a 3-nodal net. The Schläfli symbol for 





the tpcb tetrahedral node indicates that the net is associated tetragon, hexagon and 
octagon (i.e. n = 4, 6, 8).  
 
Table 6-3. Selected bond distances and angles of 22. 
 
    Zn(1)-N(1)  2.147(6) Zn(2)-O(3)    2.18(6) N(1)-Zn(1)-O(1) 89.4(3) 




 86.8(2) N(5)-Zn(1)-O(1) 89.1(2) 







































 91.2(2) N(5)-Zn(1)-O(2) 90.7(2) 
Zn(2)
g







-Zn(2)-O(3) 87.1(2) O(1)-Zn(1)-O(2)   177.8(3) 











   176.4(3) 
Zn(2)-N(7)
e
 2.164(7) N(6)-Zn(2)-O(4) 87.3(2) N(2)
a
-Zn(1)-N(1) 91.5(3) 
Zn(1)-O(1)  2.184(7) N(1)-Zn(1)-N(5) 92.2(3) N(4)
d
-Zn(2)-O(4) 89.3(2) 





Zn(2)-O(4)  2.150(6) N(1)-Zn(1)-N(8)
b
   179.0(3) 
Symmetry transformations used to generate equivalent atoms:  
a = x+1/2,-y+1/2,z    b = x+1/2,-y+3/2,z    c = -x+1/2,y+1/2,z-1/2       
d = -x+1/2,y-1/2,z-1/2    e = x,y-1,z    f = x-1/2,-y+1/2,z       
g = -x+1/2,y-1/2,z+1/2    h = -x+1/2,y+1/2,z+1/2       
i = x,y+1,z    j = x-1/2,-y+3/2,z 
 






Figure 6-12. A perspective view of ptt net in 22 formed from tetrahedral of rtct-tpcb and 
square-planar connector Zn(II).  
 
Three vertex symbols (extended Schläfli symbol) for the net 4.6.6.6.8(6).8(6), 
6(2).6(2).8(4).8(4).8(11).8(11), and 4.4.6.6.8(2).8(2) are associated with tetrahedral tpcb 
nodes, square-planar Zn1 and Zn2 nodes respectively. The vertex symbol for the 
tetrahedral tpcb nodes indicates six angles, one angle from tetragonal circuits, and three 
angles from three dissimilar hexagonal circuits. Two angles existing in two dissimilar 
octagons with six similar rings in each. Similarly, we can describe the six angles present 
the vertex symbol for the two dissimilar square-planar nodes.  





The compound 22 contains open pores in all the three crystallographic directions. 
Especially, there are two kinds of pores along b-axis, having large honeycomb channels 
with opening dimension of 9 × 19 Å and comparatively small rhombic channel with 
opening dimension of 9 × 9 Å. The channels are loosely occupied with thirteen water 
molecules and disordered ClO4
-
 anions. The empty space without the counter ions and 







Figure 6-13. The fundamental rings or smallest circuits (tetragon, hexagon and octagon) 
associated with tetrahedral rtct-tpcb nodes (green color), square planar Zn1 and Zn2 









6.2.5.2 MOF Structure of [Co(rtct-tpcb)(F)2]·5H2O (23)  
X-ray crystallography reveals that the neutral compound 23 crystallizes in 
tetragonal space group P c2. The coordination environment in Co(II) is very similar to 
that in 22 except that the F
-
 ions occupy the trans positions instead of aqua ligands. The 
asymmetric unit of 23 is given in Figure A-18.  Selected bond distances and angles are 
given in Table 6-4. The connectivity in 23 can be described as 4-connected net having pts 
(cooperite) topology,
17, 22-23
 if we consider the Co(II) center decorates the Pt position and 
the centre of the cyclobutane ring of tpcb occupies the S position (Figure 6-14c). The 













 for square-planar node), which indicates 
the net is associated with tetragons and octagons (n = 4 and 8).  
 
Unlike ptt net in MOF-22, here pts contains only two kinds of node, hence 2-
nodal net.  Two vertex symbols are 4.4.8(2).8(2).8(8).8(8) and 4.4.8(7).8(7).8(7).8(7) 
associated with square planar Co(II) metal node and tetrahedral tpcb ligand node 
respectively.
20
 The tetragonal circuits and octagonal circuits formed from Co(II) nodes 
generates six angles, two angles from two dissimilar tetragonal circuits and four angles 
from four dissimilar octagons with two octagons having to similar rings and two octagons 
having eight similar rings. The type of angles present in tpcb tetrahedral node is same, 
but the number of octagons associated with the circuit is different.   






Figure 6-14. (a) A view of 23 along perpendicular to the ac-plane (blue = Co(II) metal 
center). (b) A polyhedral view of tetrahedral tpcb and square planar Co(II) connectivity. 
(c) A single pts network and (d) A view of the doubly interpenetrated pts network. 
 
 




  1.9855(1) F(1)-Co(1)-N(1)
b
 87.33(4) 









   174.66(9) 











































F(1)-Co(1)-N(1)   87.33(4)   
Symmetry transformations used to generate equivalent atoms:  
a = -x+1,-y+1,z    b = y,x,-z+3/2    c = -y+1,-x+1,-z+3/2       
d = y-1,-x+1,-z+2    e = -y+1,x+1,-z+2       





Similar to MOF-22, open pores honeycomb channels are present, in that, with the 
pore dimension of ca. 11 × 16 Å  and channel dimension of ca. 8 × 11 Å. The 
honeycomb channels provide large space having more than 50% void volume. 
Consequently, the vacant space in MOF-23 is filled with another pts network. Hence, 
doubly or 2-fold interpenetrated pts net resulted (Figure 6-13d and 6-14a). 
Interestingly, MOF-23 has 17% solvent cavity based on the  PLATON 
calculations.
21
 Although the network is interpenetrated in MOF-23, five water molecules 
per formula unit fill up the pores present in the square channels with a dimension ca 6 × 6 
Å along c-axis as shown in Figure 6-15b. This is consistent with the TGA analysis which 
showed a solvent weight loss of 8.1% (calculated 8.2%) for five water molecules. in the 
temperature range 60 – 97 ºC. 
 
 
Figure 6-15. (a) A schematic representation of two interpenetrated pts nets in 23. (b) The 
two pts nets in 23 forms square channels along the c-axis. 
 





6.2.6   MOFs having pts and ptt Topology 
According to Batten et al., the numbers of 4-connecting pyridyl ligands are far 
fewer than 2-connecting or 3-connecting ligands.
17b
 Three topological nets commonly 
known by linking tetrahedral and square-planar units are ptt, pts and mog (moganite).
17-
18, 22
 In the case of mog net, tetrahedral and square-planar nodes present in 2:1 ratio. 
However, ptt and pts nets are formed by equal combination of tetrahedral and square-
planar nodes (i.e 1:1 ratio). Here we observed both ptt and pts nets, which are closely 
similar in the arrangements, but different in connectivity. The ptt net having trinodal i.e. 
two types of square-planar nodes present. Hence, ptt is 3-nodal 4-connected net, but pts 
is 2-nodal 4-connected net. MOFs having ptt nets are less commonly observed in 
comparison to pts network.
18
 MOF having pts topology has attracted immense interest 
due to its exceptional by large pores. Most of these networks were formed from 4-
connecting ligands like porphyrin analogues. Robson and coworkers reported cationic 
framework [Cu(II)(tpp)Cu(I)]
n+ 
Cu(II)tpp [tpp = 5,10,15,20-tetra(4-pyridyl)-21H,23H-
porphine copper(II), where a combination of tetrahedral Cu(I) centers and square-planar 
Cu(II)(tpp) centers results in the formation of a pts network with large channels which 
are filled with disordered solvent and anions comprise at least half of the crystal 
volume.
22
 While interpenetrated pts net formed from the cationic network in 
[{Cu(II)(tcp)}Cu(I)]BF4·17C6H5NO2, where Cu(II)(tcp) = 5,10,15,20-tetrakis(4-
cyanophenyl)-21H,23H-porphine copper(II).
22 
It is also mentioned that the 
interpenetration can stabilize pts porous network which otherwise will collapse upon the 
removal of solvent molecules.
17b, 24
  





  Yaghi and coworkers reported several porous pts networks using tetrahedral 
carboxylate ligands. For example, MOF-11,
25
 Cu2(ATC)·6H2O ( where ATC = 1,3,5,7-
adamantane tetracarboxylate)  formed  from tetrahedral adamantane and  square Cu-
paddle-wheel SBUs (augmented net) were assembled to decorate the tetrahedral (S 
position) and square (Pt position) sites, respectively. MOF-36,
23
 
Zn2(MTB)(H2O)2∙(DMF)6(H2O)5 (where MTB = methanetetrabenzoate) formed pts 
network from  square Zn-paddle-wheel SBUs and tetrahedral carboxylate ligand. 
However, MOF-502,
26
 Co2(BPTC)-(H2O)(DMF)2·Gx (BPTC = 3,3′,5,5′-
biphenyltetracarboxylate, G = guest molecules) adopts pts network from tetrahedral 
Co2(-CO2)4- units and square-planar BPTC units.  





)-(H2O)2]·14dmf·5H2O synthesized from 
tetrahedral ligands (L
1





 Former has non-interpenetrated pts net, but 
latter has 2-fold interpenetrated pts due to elongation of the ligand by substituting phenyl 
group. Both compounds show permanent porosity and higher H2 adsorption. 
The presence of ClO4
- 
anions appears to prevent the interpenetration by occupying 
the void space, thus influences the formation of ptt network in 22. On the other hand, 23 
forms doubly interpenetrated three-dimensional networks with pts topology in the 
absence of any counter ion. A close look on the tpcb rings in 22 and 23 shows that the 
cyclobutane rings are puckered in both nets with a dihedral angle of 26.9°- 24.7° in 22 
and 14.44° in 23 between the two planes. The highly puckered arrangement of 
cyclobutane rings in 22 in comparison to 23 (difference in dihedral angles ~12°) probably 





due to the influence of large ClO4
- 
counter-anions and water molecules occupies at the 
void space during the formation which eventually leads to ptt networks.  
There are several reports state that catenation or interpenetration can enhance the 
stability and eventually the permanent porosity. 
17b, 24, 28-29 
Recent reports show that 
interpenetration can effectively increase the hydrogen uptakes in porous frameworks.
30
 
The increasing hydrogen uptakes expected from the reduced pore size, and effective 
interactions of hydrogen binding sites within the framework.  
The work on the gas adsorption studies in 22 and 23 are not pursued due to lack 
of time and non-availability of facilities at NUS. However, they are worth investigated in 
the future. 
 
6.3     Summary 
Stereospecific rtct-tpcb has been successfully synthesized from solution, 
otherwise photochemically inaccessible in the solid state. This study shows that HTFA 
plays a major role in aligning the C=C double bonds in 18 by weak F···F contacts which 
undergoes photochemical [2+2] cycloaddition reaction to furnish rctt-tpcb and further 
catalyzing isomerization reaction to rtct-tpcb quantitatively in solution. Remarkably, rctt-
tpcb displayed the ability to form MOFs with interesting topologies. This study shows 
that rtct-tpcb can be synthesized in gram quantity and will be used to construct various 









6.4      Experimental  
All methods and starting materials are described in chapter 7. Variable 
Temperature (VT) 
1
H NMR spectra were carried out in the temperature range 25 – 100 
°C at 16 scans per 10 °C interval. ESI-MS spectra were recorded in positive ion mode 
from MeOH solution (< 50 μg.mL-1) with Finnigan MAT LCQ Mass Spectrometer by the 
syringe-pump method. 
 
6.4.1     Synthesis of [bpe-H2](TFA)2 Salt (18) 
Trifluoroacetic acid (HTFA) (0.16 mL, 2 mmol) was added to a 4 mL methanolic 
solution of bpe (1 mmol, 0.182 g) and the mixture was stirred in RB flask for 1 h. A 
white solid formed was filtered and dried under vacuo. Yield: 0.37 g (91%), 
1
H NMR 
(DMSO-d6, 300 MHz):  8.82 (d, 4H,  J = 6.39, -pyridyl proton) 7.98 (d, 4H, J = 6.57, 
-pyridyl proton), 7.87 (s, 2H, CH=CH); 
13
C NMR (DMSO-d6, 300 MHz):  159.58-
158.18(CF3CO2), 148.36 ( -pyridyl carbon), 146.17 ( -pyridyl carbon), 133.21 (C=C), 
123.51 ( -pyridyl carbon), Elemental analysis (%) Calcd for C16H12N2O4F6 (410.27): C, 
46.84; H, 2.95; N, 6.83; F, 27.78. Found: C, 46.88; H, 3.18; N, 6.72; F, 26.97. Selected 
IR (KBr): ν (cm-1) = 3104(m), 3054(m), 1685(m), 1630(s), 1586(m), 1508(s), 1409(m), 
1347(m), 1183(s), 1137(s), 1060(m), 966(s), 850(m), 815(m), 792(m), 719(m), 529(s), 
477(m). Colorless block crystals were obtained after one day by layering diethyl-ether 
solution over a solution mixture of 18 (0.03g) in 2 mL MeOH and 2 mL CH3CN. Yield: 
27 mg (56%).  
 
 





6.4.2    UV Irradiation of 18 
A 20 mg of 18 was packed between two Pyrex glass slides and turning each 
sample in half of their irradiation time interval to ensure uniform irradiation. 
Photoirradiation of 18 after 24 h produces [rctt-tpcb-H4](TFA)4 (19) in 100% yield. The 
chemical shifts in 
1
H NMR spectrum are consistent with the reported value for this 
isomer; the values for cyclobutane and pyridyl proton found to be shifted to down fields 
in comparison to the previous cases. 
1
H NMR (DMSO-d6, 300 MHz):  8.64 (d, 8H, J = 
6.09, -pyridyl proton), 7.68 (d, 8H, J = 6.24, -pyridyl proton), 5.09 (s, 4H, CH-CH); 
13
C NMR (DMSO-d6, 300 MHz):  159.19-158.72 (CF3CO2), 153.70 ( -pyridyl carbon), 
145.37 ( -pyridyl carbon), 125.32 ( -pyridyl carbon), 44.91(CH-CH). Elemental analysis 
(%) Calcd for C32H24N4O8F12 (820.5): C, 46.84; H, 2.95; N, 6.83. Found: C, 47.08; H, 
2.57; N, 7.10. Selected IR (KBr): ν (cm-1) = 3102(m), 2565 (w), 1943 (w), 1788(m), 
1677(s), 1504(m), 1420(m), 1192(s), 1139(s), 923(w), 834(m), 791(m), 701(m),  591(s), 
487(m). 
 
6.4.3    Isomerization Reaction of 19 
A 20 mg 19 was dissolved in DMSO-d6 (0.4 mL) and the isomerization reaction 
was monitored over a period of time using 
1
H NMR spectroscopy. The isomerization 
reaction of 3 in DMSO-d6 after 26 days: 
1
H NMR (DMSO-d6, 300 MHz):  8.85 (d, 2H, J 
= 6.09, -pyridyl proton for 21), 8.79 (d, 8H, J = 6.27, -pyridyl proton for 20), 8.63 (dd, 
8H + 4H, overlap -pyridyl proton for 19 and 21), 8.39 (d, 2H, J = 6.09, -pyridyl proton 
for 21), 8.14 (d, 2H, J = 6.42, -pyridyl proton for 21), 7.87 (d, 8H, J = 6.39, -pyridyl 
proton for 20), 7.69 (d, 8H, J = 6.24, -pyridyl proton for 19), 7.62 (d, 4H, J = 6.24, -





pyridyl proton for 21), 7.36 (d, 2H, J = 6.27, -pyridyl proton for 21), 5.56 (t, 1H, J = 
20.88, CH-CH for 21), 5.10 (s, 4H, CH-CH for 19), 4.94 (m, 3H, J = 17.25, CH-CH for 
21), 4.35 (s, 4H, CH-CH for 20). 
 
6.4.4    Variable Temperature (VT) 
1
H NMR experiment 
A 20 mg of 19 dissolved in 0.4 mL DMSO-d6 and VT 
1
H NMR was carried out 
under the temperature range 25–100 °C at 16 scans per 10 °C interval. Each 1H NMR 
spectrum recorded after cooling the mixture to room temperature. 25 mg of irradiated 
compound 19 was prepared in DMSO-d6 (0.5 mL) and placed at 100 °C. 
1
H NMR was 
recorded in every 10 min interval and 20 obtained up to 100% yield in 30 min. 
 
6.4.5    Isolation of rtct-tpcb from Isomerization Reaction by Heating Experiment 
The photodimerized product 19 (0.6 mmol, 0.50 g) was heated in DMSO (4 mL) 
for 30 min at 100 °C. The reaction mixture was cooled to room temperature and DMSO 
was removed under high vacuum. The yellow sticky solid obtained was re-dissolved in 
methanol (4 mL) and treated with NaOH to neutralize the compound. A white solid was 
obtained was filtered and dried under vacuum. The white solid was recrystallized as 
colorless plates from MeOH. Isolated yield: 0.21 g (96%). Elemental analysis Calcd 
C24H20N4: C, 79.1; H, 5.53; N, 15.37. Found: C, 79.1; H, 5.43; N, 15.24. 
1
H NMR 
(DMSO-d6, 300 MHz):  8.52 (d, 8H, J = 6.24, -pyridyl proton),  = 7.46 (d, 8H, J = 
6.42, -pyridyl proton), 3.90 (s, 4H, CH-CH);
 13
C NMR (DMSO-d6, 300 MHz,): 153.24 
( -pyridyl carbon), 146.76 ( -pyridyl carbon), 124.49 ( -pyridyl carbon), 48.79 (CH-
CH). ESI-MS: m/z calculated for C24H20N4 (% of peak height): 365.18 (100.0%), 366.18 
(26.2%), 367.18 (3.6%); Found, 365.2 (100%), 366.2 (26%), 367.1 (3%). Selected IR 





(KBr): ν (cm-1) = 1688(s), 1601(s), 1497(m), 1419(m), 1206(s),1139(s), 1021(m), 
837(m), 579(m), 539(m). This method has also been scaled up to get rtct-tpcb in gram 
quantities. 
 
6.4.6    Synthesis of Metal Complexes 22 and 23 
[Zn(rtct-tpcb)(H2O)2](ClO4)2·6.5H2O (22): Colorless block crystals were obtained after 
2 days by layering a methanolic solution of rtct-tpcb (7 mg, 0.02 mmol) onto an aqueous 
solution of Zn(ClO4)2.6H2O (7 mg, 0.02 mmol). Yield: 18 mg (58%). Elemental analysis 
(%) Calcd for ZnC24H24N4O10Cl2·6.5H2O (1563.7): C, 36.87; H, 4.77; N, 7.17. Found. C, 
36.49; H, 4.72; N, 7.08. 
1
H NMR (DMSO-d6, 300 MHz):  8.64 (d, 8H, J = 6.28, -
pyridyl proton),  7.68 (d, 8H, J = 6.41, -pyridyl proton), 5.09 (s, 4H, CH-CH). Selected 
IR (KBr): ν (cm-1) = 3104(m), 3054(m), 1685(m), 1630(s), 1586(m), 1508(s), 1409(m), 
1347(m), 1183(s), 1137(s), 1060(m), 966(s), 850(m), 815(m), 792(m), 719(m), 529(s), 
477(m).  
[Co(rtct-tpcb)(F)2]·5H2O (23): A solvothermal reaction was employed using a mixture 
of Co(OAc)2.4H2O (12 mg, 0.05 mmol), rtct-tpcb (9 mg, 0.025 mmol) and NaF (4 mg, 
0.1 mmol) in a mixture of water (1 mL) and MeOH (2 mL). Golden yellow crystals were 
obtained when the mixture was heated at 90°C for 2 days and slowly cooled for 24 h to 
room temperature. Yield: 24 mg (86%). Elemental analysis (%) Calcd for 
CoC24H30F2N4O5 (551.45): C, 52.27; H, 5.48; N, 10.16. Found: C, 51.74; H, 5.63; N, 
9.77. Selected IR (KBr): ν (cm-1) = 3431(m), 3207(m), 2925(m), 1654(m), 1606(s), 
1549(m), 1419(s), 1217(m), 1065(m), 1018(m), 840(m), 770 (m), 652 (m).   TGA: Wt 
loss calculated (Found) for 5H2O: 8.2 (8.1) %. 
 





6.4.7     Crystal Structure Determination 
The free void volume of 22 and 23 was calculated by PLATON 
21
. The positional 
parameters of N-H hydrogen atoms were refined in 18. The F atoms were found to be 
disordered, thus account for the poor agreement factors. For 22 was tried to solve the 
structure in the logical centrosymmetric space group Pnma, but not successful. However, 
the intensity statistics indicated non-centrosymmetric space group Pna2(1) and the 
structure was solved and refined satisfactorily. The connectivity in the MOF is proved 
beyond any doubt despite poor data for 22. We have included H atoms in the molecular 
formula but could not be located in the difference Fourier. The model has two 
independent molecules. Of the 15 lattice water oxygen atoms were refined, four (O12w – 
O15w) were assigned 0.5 occupancy and only isotropic thermal parameters were refined 
in 22. Poor agreement factors were due to the data crystals losing the solvents. The 
positional and common isotropic thermal parameters were refined for the hydrogen atoms 
of the lattice water molecules in 23. 





Table 6-5. Crystal Data and Structural parameters for 18, 22 and 23. 
Compounds 18 22 23 
Empirical formula C16H12N2O4F6 ZnC24H37N4O16.5Cl2 CoC24H30F2N4O5 
Mr 410.28 781.85 551.45 
T / K 223(2) 223(2) 223(2) 
Crystal  system  Triclinic Orthorhombic Tetragonal 
Space group P  Pna21 P c2     
a / Å 10.950(8)  18.849(6) 8.383(3) Å 
b / Å                              11.556(9)  10.659(4) 8.383(3) Å 
c / Å 14.278(10)  39.755(2) 16.847(9) Å 
α / o 96.054(2) 90 90 
 / 
o
 93.549(2) 90 90 
 / 
o
 104.63(1) 90 90 
V / Å
 3
                      1731(2)  7988(5) 1184.14(9)  
Z   4 8 2 
Dc / mg-cm
-3
 1.574 1.300 1.547 
 / mm
-1
 0.155 0.814 0.785 
F (000) 832 3240 574 
Reflns. 9846 45488 6917 
Ind. Reflns/ Rint 6065 [Rint = 0.0274]  14351 [Rint = 
0.085] 




 1.053 1.038 1.160 
Final R[I>2 ], R1 / wR2          
                             
       
                                  
 0.0842 / 0.2382 0.0868 /  0.2233 0.0224 / 0.0604 
R indices (all data); 
R1/wR2 R1 = 0.1233, wR2 = 0.2659         
                             
       
                                  
 
 0.1233 / 0.2659 0.1181 / 0.2475 0.0226 / 0.0606 
Largest diff. peak and hole 
/ e.Å-3 
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Chapter 7. Experimental 
 
7.1 General 
All of the following chemicals were used as received without further purification. All 
solvents used were of reagent grade. Yield of the metal complexes are reported with 
respect to the metal salts. 
1) trans-1,2-bis(4-pyridyl)ethene (Aldrich) 
2) Trifluoroacetic acid (Aldrich) 
3) Zn(NO3)2·6H2O (Aldrich) 
4) Co(NO3)2·6H2O (Aldrich) 
5) Co(OAc)2·4H2O (Aldrich) 
6) Pb(OAc)2·3H2O (Aldrich) 
7) Pb(CF3CO2)2 (Alfa Aesar) 
8) Benzoic acid (Aldrich) 
 
7.2 Single Crystal X-ray Diffraction 
The diffraction experiments were carried out on a Bruker APEX diffractometer 
attached with a CCD detector and graphite-monochromated MoK  (λ = 0.71073 Å) 
radiation using a sealed tube (2.4 kW). The program SMART
1
 was used for collecting 
frames of data, indexing reflection and determination of lattice parameters, SAINT
1
 for 
integration of the intensity of reflections and scaling. SADABS
2
 was used for absorption 
correction and SHELXTL
3
 for space group and structure determination and least 
refinement on F
2





Vittal, Prof. L. L. Koh and Ms. G. K. Tan, X-ray Diffraction Laboratory, Department of 
Chemistry, NUS. Additional crystallographic data in the form of CIF files are 
provided as a soft copy in the CD-ROM attached with this thesis. 
7.3 UV Irradiation Experiments 
The UV irradiation experiments were conducted using Luzchem photoreactor 
(wavelength 350 nm, Intensity ~ 1.75 mW-cm
-2
) for most of the compounds. In special 
cases, UV irradiations of single crystals were conducted using Asahi spectra UV light 
source MAX-301 with optic fiber (wavelength 350 nm). 
  
7.4 Elemental Analysis 
All element analyses experiments were performed by the microanalytical 
laboratory in the Department of Chemistry, National University of Singapore. 
7.5 FTIR Spectroscopy 
The FTIR spectra (KBr pellet) of all compounds were recorded on a Bio-Rad FT-
IR spectrophotometer. 
 





C NMR spectra were recorded with a Bruker ACF 300 FT-NMR 
spectrometer with TMS as internal reference. In 
1
H NMR spectra of 1 to 4, the 
distribution and ratio of number of protons between the acetate and bpe ligands is 
consistent with crystal structure of the compounds obtained.   
7.7 ESI-MS  





7.8 Thermogravimetric Analysis 
Thermogravimetric analysis for metal complexes was run on a TA Instrument 
SDT 2960 TGA Thermal Analyzer. The samples 16 and 17 were ground immediately 
before the experiment to reduce exposing to moisture. Approximately 5 mg of the sample 
was used for each experiment. Samples were heated at a constant rate of 5 °C.min
-1
 from 
room temperature to 600
 
°C and the samples held in a continuous flow nitrogen 
atmosphere (100 mL/min). 
7.9 X-ray Powder Diffraction 
X-ray powder diffraction experiments of the various samples were recorded using 
a D5005 Bruker AXS X-ray diffractometer at 25 C. 
7.10 SEM studies 
SEM images were recorded on a JOEL JSMT220A Scanning Microscopy, with 
the accelerating voltage of 10 KV. The samples were smeared over a double-sided 
adhesive tape placed over an aluminum stub. 
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Figure A-1. The asymmetric unit of 6 with various disorders. 
 
Table A-1. Products isolated from Co(OAc)2∙4H2O and bpe in different molar ratio 








1:1:1 1:1:2 1:2:2 1:2:1 
MeOH/H2O, 90º C 8 ? 9 + ? 9 
MeOH, 90º C 9* 9* 9 9 
Et2O /CH3OH
b
 9* 9*+ ? 9 ? 
DMF
c
 8 + 9* 9* 9 ? 
a
In the order of Co(OAc)2∙4H2O, bpe and TFA,
 b
 solvent diffusion 
c 
slow evaporation 
*relatively low yield, ?unknown phase or impurities 
 
 
Figure A-2. X-ray powder patterns of 9 from 1:1:1 ratio of Co(OAc)2 : bpe : TFA. (a) 
Simulated from 9 single crystal data (b) 9 obtained from MeOH, 90º C (c) 9 obtained 
diffusing in Et2O/MeOH solvent combination. 





Figure A-3. X-ray powder patterns of 9 from 1:1:2 ratio of Co(OAc)2 : bpe : TFA. (a) 
Simulated from 9 single crystal data (b) 9 obtained from MeOH, 90º C (c) 9 obtained 
by slow evaporation in DMF solution. 
 
Figure A-4. X-ray powder patterns of 9 from 1:2:1 ratio of Co(OAc)2 : bpe : TFA. (a) 
Simulated from 9 single crystal data (b) 9 obtained from MeOH/H2O, 90º C (c) 9 
obtained from MeOH, 90º C (c) unknown phase obtained by slow evaporation in 
DMF solution. 





Figure A-5. Microscopic images of 2, single crystals (a) before and (b) after 30 min 
UV irradiation using wavelength of 350 nm (Luzchem photoreactor), (c) before and 
(d) after for 40 min UV irradiation using wavelength of 300 nm (Asahi spectra UV 




H NMR spectra of 3, single crystal after 40 min irradiation. The 
percentage of photo conversion is 67% of rctt-tpcb and 33% of bpe. 
 
 











Figure A-8. The 
1
H NMR spectra (DMSO-d6) of the white solid obtained by 
evaporating a methanolic solution of 13 after 4 days. The 
1
H NMR spectra indicates 
the Pb(II) complexes with the isomers rctt: rtct: rcct ( I : II : III ) are in the ratio  5: 
47: 48 ratio by integration. 
 





Figure A-9. The 
1
H NMR spectra in DMSO-d6 of white solid obtained by evaporating 
solution mixture of 13 in MeOH/Ether.  The ratio of Pb(II) complexes with isomers 






H NMR spectrum of 13 in MeOH-d4 recorded after two days. The 
1
H 
NMR spectra indicates the gradual isomerisation of rctt-tpcb (I) isomer to rcct-tpcb 
and rtct-tpcb. 







H NMR spectrum of 13 in MeOH-d4 after addition of TFA. The 







H NMR spectrum of 13 in MeOH-d4 after addition of TFA .The 
spectrum recorded after three days (rctt-tpcb (I), rtct-tpcb (II) and rcct-tpcb (II)). 





Figure A-13. When attempted to grow single crystals from CH3CN solution, white 
solid was precipitated after five days. The 
1
H NMR spectrum of this white solid 
dissolved in DMSO-d6 surprisingly shows the presence of bpe along with isomer rtct 
(II). X-ray structure determination of a single crystal separated from this solid 
mixture confirmed the lead(II) complex, 6 which accounts for the observed signals 
from bpe in the 
1





MS of 13 showing the presence of CF3CO2H. (m/z), (%): 
113.1(100) [M-H
+
].  (a) ESI
- 
MS of standard CF3COOH in toluene. (b) CF3COOH 
collected and distilled from the irradiated single crystals of 6 in toluene. 











Figure A-15. SEM images of 16 (a) Powder sample (b) single crystal ground for 5 
min (c) single crystal ground for 20 min, (c) SEM images of 17, ground sample for 5 
min. 







C NMR spectra in DMSO-d6 (a) 18 (b) 19 and (c) the isolated rtct-
tpcb. 

























Scheme A-1. The scheme represents the possible mechanistic pathway of acid 
catalyzed isomerization of rctt-tpcb in solution. 
 




List of Publications and Presentation 
Publications stemmed from thesis 
1. Peedikakkal A. M. P.; Koh, L. L.; Vittal. J. J. Photodimerization of a 1D 
hydrogen-bonded zwitter-ionic lead(II) complex and its isomerization in solution. 
Chem. Comm, 2008, 441-443. 
2. Peedikakkal, A. M. P.; Vittal. J. J. Solid-state photochemical [2+2] cycloaddition 
in a hydrogen-bonded metal complex containing several parallel and crisscross C 
= C bonds. Chem.-A Eur J, 2008, 14, 5329-5334. 
3. Peedikakkal, A. M. P.; Vittal. J. J. Molecular fabric structure formed by the 1D 
coordination polymer, [Pb(bpe)(O2CCH3)(O2CCF3)]. Cryst. Growth Des, 2008, 8, 
375-377. 
4. Peedikakkal, A. M. P.; Vittal. J. J. Solid-state photochemical behavior of triple-
stranded ladder coordination polymer. Inorg. Chem, 2010, 49, 10-12. 
5. Peedikakkal, A. M. P.; Charlene, P. S.Y.; Koh, L. L.; Vittal. J. J. Metal-organic 
frameworks (MOFs) Containing Tetra-Pyridyl Cyclobutane Ligand Derived from 
Isomerization Reaction, Inorg. Chem, 2010, ASAP. 
6. Peedikakkal, A. M. P.; Song, Y. M.; Xiong, R.-G.; Gao, S.; Vittal. J. J. Influence 
of the Anions on the Formation of Coordination Polymeric Structures of Co(II) 
with trans-1,2-bis(4-pyridyl)ethylene. Eur.J. Inorg. Chem, 2010, ASAP. 
 
Publication outside the thesis  
7. Nagarathinam, M.; Peedikakkal, A. M. P.; Vittal. J. J. Stacking of double bonds 
for photochemical [2+2] cycloaddition reactions in the solid state. Chem Comm, 
2008, 5277-5288. (Feature article). 




8. Batabyal, K.; Peedikakkal, A. M. P.; Ramakrishna, S.; Sow, C. H.; Vittal. J. J. 
Coordination Polymeric Nanofibers and their Field-Emission properties. 




1. Peedikakkal, A. M. P.; Vittal. J. J. Multidimensional Architectures of Metal 
Coordination Polymers containing trans-1, 2-Bis(4-pyridyl) ethylene, 2
nd
 
Mathematics and Physical Science Graduate Congress (MPSGC-2, 12-14 
December 2006), Singapore (Poster). 
2. Peedikakkal, A. M. P.; Vittal. J. J. Regioselective Formation of rctt-Cyclobutane 
via [2+2] Photochemical Cycloaddition Reaction in 2D Metal Template Molecular 
Assembly, 6
th
 International Symposium for Chinese Inorganic Chemists (ISCIC-
6, 17-21 December 2006), Singapore (Poster). 
3. Peedikakkal, A. M. P.; Vittal. J. J. Photochemical 1D Hydrogen-bonded Zwitter 
ionic Lead(II) complex and its Isomerization in solution, 12
th
 Asian Chemical 
Congress (12ACC, 23-25 August 2007) Kuala Lampur, Malaysia (Poster). 
4. Peedikakkal, A. M. P.; Vittal. J. J. Molecular fabric structure formed by the 1D 
coordination polymer, [Pb(bpe)(O2CCH3)(O2CCF3)], 3
rd
 Mathematics and 
Physical Science Graduate Congress (MPSGC-3, 12-14 Dec 2006), Kuala 
Lumpur, Malaysia (Poster). 
5. Peedikakkal, A. M. P.; Koh, L. L.; Vittal. J. J. Solid state Photochemical [2+2] 
cycloaddition reaction of 1D Hydrogen-bonded Zwitter ionic Lead(II) complex 




and its Isomerization in solution, 235
th
 American Chemical Society National 
Meeting (235
th
 ACS, 6-10 April 2008), New Orleans, LA, USA (Oral). 
6. Peedikakkal, A. M. P.; Vittal, J. J. Metal-organic frameworks (MOFs) containing 
tetra-pyridyl cyclobutane ligand derived from isomerization reaction. 6
th
 
Singapore International Chemical Conference (SICC 6, 15-18 December 2009), 
Singapore (Oral). 
7. Peedikakkal, A. M. P.; Vittal, J. J. Structural transformation of Lead(II) 
Coordination Polymers in Solution. 6
th
 Singapore International Chemical 
Conference (SICC 6, 15-18 December 2009), Singapore (Won Best Poster 
Award). 
8. Peedikakkal, A. M. P.; Peh, C. S. Y.; Koh, L. L.; Vittal, J. J. Coordination 
Polymers Derived from Tetrapyridyl Cyclobutane Ligand. 2
nd
 NUS-SNU Joint 
Symposium, Recent Trends in Synthesis, Characterization and Application, NUS 
(5 March 2010) (Poster) 
9. Maoye, C.; Shuxian, H.; Shiwen, Z.; Peedikakkal, A. M. P.; Vittal. J. J. Solid-state 
Reactivity of Hydrogen-bonded Organic Salts. Singapore Science and 
Engineering Fair 2010 (SSEF 2010, 24 February 2010) Science Center, 
Singapore (Poster Won Merit Award). 
 
 
 
 
